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ABSTRACT 
 Humans have dramatically increased the amount of reactive nitrogen cycling 
through the biosphere.  In coastal systems, excess nitrogen can lead to negative impacts.  
Thus, it is crucial to understand how nitrogen is cycled within, and eventually removed 
from, marine systems and the variables that regulate these processes.  Sediment 
denitrification (the microbial conversion of nitrate (NO3
-
) to dinitrogen (N2) gas) and 
water column nitrification (the two step oxidation of ammonium (NH4
+
) to nitrite (NO2
-
) 
and then nitrate (NO3
-
)) rates were quantified along an in situ gradient of environmental 
conditions from an estuary to the continental shelf off Rhode Island, USA.   
  Sediment net denitrification rates were directly measured over multiple seasonal 





(mean 44±4), indicating that this process removes ~5% of total reactive nitrogen entering 
the North Atlantic shelf region per year.  Based on model results, these rates also 
represented a three-fold decrease in sediment nitrogen removal in New England 
continental shelf sediments over the past century. 
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A literature review of marine water column nitrification observations were 
compiled to evaluate how ammonium, nitrite, and total oxidation rates vary worldwide.  
Rates of ammonium, nitrite, and total oxidation differed among estuary, continental shelf, 
and open ocean environments (p≤0.05).  This review highlights that as we continue to 
study marine “nitrification,” it is necessary to consider both individual oxidation 
processes and environment type. 
Water column ammonium and nitrite oxidation rates were measured using stable 
isotope tracers off Rhode Island.  At all study sites, nitrite oxidation rates (0-99 nM d
-1
) 
outpaced ammonium oxidation rates (0-20 nM d
-1
).  These oxidation processes responded 
in dissimilar ways to in situ water column conditions (depth, salinity, dissolved oxygen, 
and pH), and these relationships varied with location.  Nitrous oxide (N2O) production 
rates up to 10 times higher than ammonium oxidation indicated that ammonium oxidation 
may be underestimated if this byproduct is not measured.  For the first time, the link 
between sediment metabolism and water column nitrification was also examined, and the 
results highlight the importance of benthic-pelagic coupling as controlling factor of water 
column ammonium and nitrite oxidation.  
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CHAPTER 1: Directly Measured Net Denitrification Rates in Offshore New 
England Sediments 
E.M. Heiss, L. Fields, and R.W. Fulweiler 
Please note: The final publication of this chapter is available at www.sciencedirect.com 
 
Abstract 
Continental shelf sediments are important locations for denitrification in the 
marine environment.   Here, we report a robust, directly measured set of sediment net 
denitrification rates from five sites off the coast of southern Rhode Island (USA). Using 
the N2/Ar technique, we sampled three of these sites at an almost bimonthly rate from 
October 2009 to January 2011, and two additional sites during July 2010. Net 




 with a mean of 44 




.  These values are similar to other studies that report direct-
measurements of sediment net N2 fluxes located along the East coast of the United States.  
Net sediment denitrification rates were not significantly different between sites, nor did 
the rates change over the sampled temperature range (5 to 17°C).  Net denitrification 
rates were weakly correlated, but exhibited significant relationships with sediment 
oxygen demand.  Positive and negative fluxes of nitrate along the sediment-water 
interface suggest that both direct and coupled denitrification are occurring. Sediment 
molar C:N ratios were consistent temporally and spatially, indicating that sediment 
organic matter quality may be responsible for the similar rates of net denitrification at our 
sites.  If we apply our rates to the 360,000km
2
 North East United States shelf area, we 
calculate that 0.14 Tmol of N per year are removed, accounting for just over 5% of the 
  
2 
total N entering the North Atlantic shelf region.  Additionally, we predict a historical 
denitrification rate based on primary production estimates, which indicate that 
denitrification rates may have been three times higher in the past than our current 
measurements. Thus, as seen in a nearby coastal system, the nitrogen cycle in offshore 
New England regions could have changed during the last century.   
 
Introduction 
Continental shelves might be best known for supporting productive fishing 
grounds (Fogarty and Murawski 1998). However, they also provide a less well 
constrained, but equally important ecosystem service. That is, shelf regions receive and 
process anthropogenic nutrients, thus decreasing human impacts on the ocean (Liu et al. 
2010). These borderlands between the terrestrial environment and open ocean are 
considered to be "hot spots" for biogeochemical cycling in general and nitrogen cycling 
in particular (Christensen 1994, Christensen et al. 1987, Codispoti et al. 2001). However, 
there are surprisingly few actual measurements of water column and sediment processes 
in continental shelf areas, and the data available are typically limited both spatially and 
temporally. Much of our current understanding is thus based on limited observations and 
models that try to extrapolate to wider geographic and temporal scales (Fennel et al. 
2009, Seitzinger and Giblin 1996).   
In continental shelf systems, nitrogen (N) removal through denitrification - the 
anaerobic microbial conversion of nitrate (NO3
-
) to dinitrogen (N2) gas – is of critical 
importance. In marine systems, most denitrification takes place in sediments.  Marine 
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sediments are ideal environments for this process because they are typically rich in 
organic matter and anaerobic within the top few millimeters.  Canonical denitrification 
occurs through two main pathways: (1) direct denitrification - where nitrate diffuses from 
the overlying water into the sediments or (2) coupled nitrification-denitrification - where 
ammonium released during the decomposition of organic matter is nitrified in a two step 
bacterial mediated oxidation process to nitrate which subsequently fuels denitrification.  
For many continental shelf systems, denitrification is coupled to nitrification (Devol and 
Christensen 1993, Lohse et al. 1993, Seitzinger and Giblin 1996). Another potentially 
important N removal process is anammox, or the anaerobic conversion of ammonium and 
nitrite to N2 gas. Anammox ranges in importance from dominating the N2 signal in the 
deep waters of the Skagerrak in the Danish belt seaway (67-79%, Engstrom et al. 2005, 
Thamdrup and Dalsgaard 2002) to accounting for only a small percentage in shallower 
systems, such as Danish Fjords (0-24%, Risgarrd-Petersen et al. 2004) and the Thames 
Estuary, United Kingdom (1-8%, Trimmer et al. 2003).  Long Island Sound, USA, a 
region adjacent to the study sites discussed in this paper, exhibited very low rates of 
anammox, accounting for only 4-7% of total N2 removal (Engstrom et al. 2005).  
Regardless of the relative importance of anammox, canonical denitrification is a crucial 
N-removal process, and continental shelf regions may account for over 40% of the total 
global denitrification (Seitzinger et al. 2006).   
A variety of environmental conditions impact sediment denitrification rates 
including: temperature, water column depth and nitrate concentrations, as well as organic 
matter loading to the benthos (Cornwell et al. 1999, Seitzinger and Giblin 1996).  Both 
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the quantity and quality of organic matter loading appears important in determining 
sediment denitrification rates (Caffrey et al. 1993, Cornwell et al. 1999, Fulweiler et al. 
2007, 2008, Laursen and Seitzinger 2002, among many others).  The quantity of organic 
matter governs rates of aerobic respiration and thus sediment oxygen uptake and coupled 
nitrification-denitrification (Seitzinger and Giblin 1996).  Additionally, the quality of 
organic matter influences sediment denitrification because labile organic material allows 
for high rates of heterotrophic denitrification, while recalcitrant organic matter may favor 
net nitrogen fixation (Fulweiler et al. 2007, 2008).   
Little biogeochemical work has been done in Block Island and Rhode Island 
Sounds offshore of Southern New England.  However, using historical phytoplankton 
estimates (Riley 1952) and water column stratification information (Edwards et al. 2004, 
Shonting and Cook 1970), we selected study sites that we predicted would have varying 
amounts of primary production and thus potential variations in organic matter deposition 
to the sediments.  We hypothesized that the differences in primary production and 
subsequent deposition to the benthos would alter rates of sediment denitrification.  In 
addition, these regions may be particularly interesting because they neighbor 
Narragansett Bay, which has been well-studied over the past three decades with respect to 
the marine N cycle (Fulweiler et al. 2007, 2008, Nixon et al. 2006, 2009), including the 
first directly measured denitrification rates on intact, unamended marine sediments 
(Seitzinger et al. 1980, 1984).  Narragansett Bay has undergone dramatic changes in the 
last 30 years, and it is possible that these changes may also be occurring offshore. A 
variety of studies in Narragansett Bay have shown climate induced alterations in primary 
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production (Borkman and Smayda 2009, Li and Smayda 1998, Oviatt et al. 2002), 
benthic metabolism (Fulweiler and Nixon 2009, Nixon et al. 2009), and denitrification 
(Fulweiler et al. 2007, Fulweiler and Nixon 2009, 2012).  
The purpose of this manuscript is to report a temporally and spatially high 
resolution dataset of the first direct measurements of sediment denitrification in the 
offshore Southern New England region.  The data presented here, including year-round 
sampling and spatial variability, comprise one of the most robust data sets of direct 
denitrification measurements for inner continental shelf sites worldwide.  We compare 
our results to other recently reported, directly measured denitrification rates along the 
Western North Atlantic.  In addition, we relate these measurements to environmental 
factors typically correlated with denitrification (e.g., depth, temperature, sediment oxygen 
demand, nitrate fluxes, and sediment molar C:N).  Finally, we compare our directly 
measured rates to model predicted rates, and discuss how denitrification rates may have 
changed over the last several decades. 
 
Materials and Methods 
Study Sites 
 We sampled five sites in Southern New England coastal waters from October 
2009 through January 2011.  Three sites closest to shore (RIS1, RIS2, and BIS) were 
sampled intensely (up to 7 times) during this period, while sites RIS3 and MS1 were 
sampled once in July 2010 (Figure 1.1).  The sampling locations ranged from 
approximately 30 - 90 km from shore with depths of 34 - 63 m and similar salinities.  
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Over a seasonal cycle, temperatures of bottom water ranged from 5 - 17°C.  Mean annual 
surface water column chlorophyll a concentrations at each site ranged from 2.18 to 3.09 
µg L
-1
.  Sediment porosity ranged from approximately 0.6 to 0.7.  Average molar C:N in 
the top 5 cm of sediment ranged from 8.7 - 9.6 (Table 1.1).   
 Two of the field sites used in this study (RIS1 and RIS2) are located within the 
inner portion of Rhode Island Sound (Figure 1.1).  Rhode Island Sound encompasses an 
area approximately 1530 km
2
 with a mean depth of 30 m and is strongly stratified during 
the summer (Shonting and Cook 1970).  Both RIS1 and RIS2 have sediments comprised 
of predominantly silt and very fine sand.  Site BIS is located in Block Island Sound, 
which is a tidally-mixed system (Edwards et al. 2004) with a mean depth of 28 m and 
area of 635 km
2
 (Nixon et al. 2010).   Block Island Sound also has sediments comprised 
predominantly of silt and very fine sand.  Site RIS3 is located within the outer region of 
Rhode Island Sound and lies under 63 m of water; while this site was not originally 
planned for study, it was sampled in July 2010.  Our mid-shelf site, MS1, is located 
approximately 92 km from shore and is closest of our sites to the continental shelf break.  
Sediments at MS1 are sandier than sites located closer to shore.   
 
Field Methods 
We collected triplicate, intact sediment cores using a 0.25 m
2
 box corer and pre-
mounted PVC cores 30.5 cm long and with 10 cm inner diameter.  We pre-mounted the 
cores to minimize surface disturbance of the fine surface layer of sediment upon lifting 
the box corer aboard the boat (Hopkinson et al. 2001).  Intact cores were covered, 
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removed from the box corer, and maintained upright at ambient field temperature in the 
dark for transportation back to the laboratory.  At each field site, we also collected near-
bottom water and filtered it (0.2 µm) using a high volume flow pump and cartridge 
filters.   
 
Laboratory Methods  
The sediment cores were stored in the dark at field bottom-water temperature 
overnight in a walk-in environmental chamber at the Graduate School of Oceanography 
at the University of Rhode Island with air gentling bubbling in the overlying surface 
water for 8 - 12 hours prior to incubations (Fulweiler et al. 2007, Hopkinson et al. 2001).  
Before incubation for net N2 fluxes, the overlaying water was carefully removed and 
replaced with the filtered field site water (Fulweiler et al. 2007, Hopkinson and Smith, 
2005).  Initial dissolved oxygen (DO) concentrations were measured in the filtered water 
close to the sediment-water interface using a Hach LDO probe.  Cores were then sealed, 
with no air headspace, with gas-tight lids fitted with magnetic stir bars for slow and 
continuous mixing (~40 rpm) of the overlaying water.  Mixing prevented stratification, 
but was not rapid enough to cause sediment resuspension (Hopkinson et al. 2001, Renaud 
et al. 2008). Duplicate samples for N2/Ar analysis were collected at five time points over 
the incubation in 12 mL exetainers (Labco UK) and treated with saturated HgCl2 solution 
(Fulweiler et al. 2007, 2008).  Incubations lasted from 6 - 24 hours, allowing DO 
concentrations to drop by at least 125 µM (2 mg L
-1
) but not to reach hypoxic conditions.  
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At the end of incubation, air-tight lids were removed, and a final DO concentration was 
measured again using the Hach LDO probe near the sediment-water interface.   
 Dissolved gas concentrations were analyzed using a quadrupole membrane inlet 
mass spectrometer (MIMS, Bay Instruments, Cambridge, Maryland) and the N2/Ar 
technique (Kana et al. 1994).  The MIMS uses a small sample size (<10 mL), has a rapid 
sample process time (30 samples per hour), and has a high precision of ± 0.03% (Kana et 
al. 1994).  The N2/Ar technique measures a net N2 concentration in the overlaying water, 
therefore denitrification rates and N-fixation rates cannot be separated.  Thus, the changes 
in dissolved N2 concentrations will be reported as a net N2 flux from here forward.  
Positive N2 fluxes indicate net denitrification and negative N2 fluxes are indicative of net 
N-fixation.  Sediment oxygen demand (SOD) fluxes were calculated using the change 
between initial and final dissolved oxygen concentrations over the time of the incubation.   
 Following the incubation for dissolved gases, a second incubation was performed 
to measure benthic nutrient fluxes.  Cores were again allowed to sit overnight at field 
temperature, in the dark, and uncapped with air gentling bubbling in the surface water as 
above.  Water overlaying the cores was removed, replaced with filtered site water, and 
cores were capped again with air-tight lids.  At 4 time points during this second 
incubation, 60 mL water samples were collected in acid-washed polypropylene syringes 
and filtered using glass fiber filters (Whatman GF/F 0.70 µm).  The filtrate was frozen 
until analysis using standard colorimetric techniques (Grasshoff 1976) and a Lachat 
Instrument QuikChem 8000 flow injection nutrient autoanalyzer.   
  
9 
 Following the second incubation, sediment samples were collected for C:N and 
grain size analysis.  Percent C and N were measured on dried sediments at 1 cm 
increments from 0 - 5 cm depth using a Eurovector elemental analyzer at the Boston 
University Stable Isotope Laboratory.  Grain size analysis on 0 - 2 and 4 - 6 cm depths 
was performed at the Environmental Protection Agency Atlantic Ecology Laboratory in 
Narragansett, RI, USA using a Malvern Mastersizer 2000.      
  
Data Analysis 
To calculate N2 concentrations, we multiplied the measured N2/Ar ratio by the 
concentration of Ar for given temperature and salinity of the incubation (Colt 1984).  As 
N2 concentrations changed linearly with time, we calculated net N2 fluxes by 
extrapolating a rate of N2 change from a five-point linear regression over the time of the 
incubation with correlation coefficients ≥ 0.65 (Fulweiler et al. 2008, Kana et al. 1998).  
Finally, we calculated a flux, prorated for core area and volume, to yield net N2 fluxes in 




.  We report the net N2 fluxes as the average ± the standard 
error for each sampling time and site. 
 Statistical analysis was performed using SAS JMP 9.0.1 and Microsoft Excel.  An 
analysis of variance (ANOVA) test with a 95% confidence level was performed to 
compare net denitrification rates among the five sampling sites.  Fluxes were compared 
both as a whole data set and separately by site for seasonal and temporal trends.  
Additionally, linear regression analysis determined if net denitrification rates were 
correlated with the following parameters: distance from shore, water column depth, 
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bottom water temperature, sediment oxygen demand, nitrate fluxes, and sediment molar 
C:N.   
 
Results 









(BIS, 8°C, May 
2010) (Table 1.2).  Monthly net denitrification rates from RIS2, RIS1, BIS, RIS3, and 
MS1 were not statistically different from one another (p = 0.71).  On one occasion, in 





.  However, because the focus of this manuscript is on net denitrification 
rates, we do not include this individual core in the following analyses.     
We evaluated net denitrification rates vs. depth and distance from shore, but 
found no relationship with either variable (Figure 1.2).  We also examined the 
relationship between sediment net denitrification and bottom water temperature and again 
found no significant correlation (Figure 1.3).   





over all sampling months.  We found a weak, positively-correlated but statistically 
significant relationship between sediment net denitrification rates and SOD when all five 
study sites were combined (R
2
 = 0.12, p = 0.01) (Figure 1.4a). Net denitrification rates 
and sediment oxygen demand were only significantly correlated at two individual sites 
(RIS2: R
2
 = 0.35, p = 0.01 and RIS1: R
2
 = 0.64, p = 0.003).   
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We examined the relationship between net denitrification rates and nitrate fluxes 
across the sediment-water interface for each site individually and for the data set as a 
whole.  We did not find a statistically significant relationship between net denitrification 
rates and nitrate fluxes for the entire data set nor for most of the individual sites (Figure 
1.4b). Only the Block Island Sound site (BIS) exhibited a positive, though weakly 
correlated, significant relationship between net denitrification rates and nitrate fluxes (R
2
 
= 0.22, p = 0.03) (Figure 1.4b).  In some cases, we did observe nitrate uptake by the 
sediments, which is indicative of direct denitrification.  We found that RIS1, RIS2, and 
BIS all exhibited nitrate uptake in October of 2009.  During this period, if we assume that 
all of the nitrate uptake went to net denitrification, then the nitrate influx could account 
for 10-87% of the N2 production at these sites. On two other occasions, low rates of 
sediment nitrate uptake were also observed at RIS1 (August 2010) and RIS2 (May 2010), 
and could have accounted for 1-6% of the net denitrification at these sites.  
 Sediment molar C:N ratios were determined for field sites in October 2009 (RIS1, 
RIS2, BIS), January 2010 (RIS1, RIS2, BIS), May 2010 (RIS1, RIS2, BIS), and July 
2010 (RIS1, RIS2, BIS, RIS3, MS1).  Molar C:N ratios did not exhibit strong seasonal 
cycling and were very similar among sites.  Average sediment molar C:N from 0 - 5 cm 
depth ranged between 8.7 (MS1) and 9.6 (BIS), while C:N in the top 1 cm of the 
sediment ranged from 8.4 (MS1) to 10.1 (RIS2).  There was no statistically significant 
relationship between molar C:N and net denitrification rates among individual stations or 










) of results reported for other continental shelf sites which used a variety of sediment 
core incubation techniques and methods (Balzer et al. 1998, Farias et al. 2004, Jahnke 
and Jahnke 2000, Nowicki et al. 1997, Vance-Harris and Ingall 2005).  And although 
only a limited number of studies report directly-measured net denitrification rates from 
offshore sediments, our measurements at all five sites are well within the range of other 
net denitrification rates reported for continental margin areas (Table 1.3).  In particular, 
they are comparable to the nearby rates observed in Massachusetts Bay using the same 
N2/Ar technique employed in this study (Tucker et al. 2008, 2010).  Our rates are also 
within the range of directly-measured values reported from different areas, including the 
Mid Atlantic Bight, South Atlantic Bight, Eastern North Pacific, and the Western Arctic 
Shelf (Devol 1991, Devol et al. 1997, Laursen and Seitzinger 2002, Rao et al. 2007).   
Denitrification rates can be influenced by a wide variety of environmental 
variables, among which are temperature, depth, sediment oxygen demand, nitrate fluxes, 
and sediment organic matter.  Our measured net denitrification rates are not related to 
temperature.  The lack of correlation with temperature is consistent with other 
observations made within similar temperature ranges at nearby inner shelf sites (e.g., 
Massachusetts Bay: 2 - 11°C, Nowicki et al. 1997; Mid-Atlantic Bight: 13 - 19°C, 
Laursen and Seitzinger 2002) and other regions (e.g. Western Arctic shelf: 3 - 9°C, Devol 
et al. 1997).  Additionally, while sediment net denitrification rates are lower in areas of 
deeper water in some regions (Devol 1991, Nowicki et al. 1997), net denitrification in 
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these offshore New England sites did not show this relationship.  However, we may not 
see this trend of decreasing denitrification rates with depth because our depth range (34 - 
63 m) is much smaller than the depth ranges that were reported in other studies.  Net 
denitrification rates in the eastern North Pacific were lowest at a depth of 630 m 
compared to shallower sites in ~100 - 150 m of water (Devol 1991).  Similarly, higher 
rates of denitrification were found in Boston Harbor (~10 m) and shallow Massachusetts 
Bay sites (~35 m) than deeper Massachusetts Bay stations (~75 m) (Nowicki et al 1997).  
Thus, given the smaller depth range we sampled (30 m, compared to 500 m and 65 m, 
respectively), we may not have the variability needed to see a clear relationship between 
net denitrification rates and water column depth.   
Numerous studies point to coupled nitrification-denitrification as the dominant 
pathway in continental shelf sediments (Devol 1991, Devol et al. 1997, Hopkinson et al. 
2001, Rao et al. 2007, Tucker et al. 2008). For this reason, SOD can be positively 
correlated to sediment denitrification rates (Cornwell et al. 1999, Piehler and Smyth 
2011, Seitzinger and Giblin 1996).  We found a weak but statistically significant 
correlation (R
2
 = 0.12, p = 0.01) between SOD and net denitrification (Figure 1.4a).  
Because we assumed that coupled nitrification-denitrification would be the dominant 
denitrification pathway at our sites, this weak correlation was at first surprising. 
However, Laursen and Seitzinger (2002) using the N2/Ar technique at sites in the nearby 
Mid Atlantic Bight also only found a weak relationship between denitrification rates and 
SOD (r=0.29, p = 0.24).  Furthermore, they proposed that this weak relationship did not 
necessarily mean that direct denitrification was the dominant denitrification process.  In 
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fact, based on their observed nitrate fluxes, Laursen and Seitzinger (2002) hypothesized 
that 91% of denitrification on the mid-Atlantic Bight was coupled and 9% was direct.   
Because SOD explained less than 15% of the net denitrification rates at all five 
sites, our data suggests that N2 removal in these offshore sediments may also be 
occurring via direct denitrification. However, sediment nitrate fluxes in this study were 
not consistent across sites. At the two sites furthest from shore (RIS3 and MS1), nitrate 
was always released from the sediments (Figure 1.4b). Thus, coupled nitrification-
denitrification is likely the dominant process here. Alternatively, the three other sites 
exhibited both negative and positive nitrate fluxes, indicating that sites within Rhode 
Island and Block Island Sounds are capable of both direct and coupled denitrification 
respectively (Figure 1.4b).  On three separate occasions (October 2009, May 2010, 
August 2010) nitrate uptake was observed at RIS1, RIS2, and BIS. These sites had the 
most direct denitrification occurring in October 2009, with up to 87% of net 
denitrification balanced by nitrate influx.  It appears as though these sites may switch 
between direct and coupled denitrification based on how much nitrate is available in the 
overlaying water column or the depth of the oxic zone.   
Previous measurements of water column inorganic nutrients along a nearby 
transect south of Cape Cod during 1979 show nitrate concentrations ranging from 0.2 - 
25 µM at depths of 0 - 100 m (Draxler et al. 1985).  At all sites South of Cape Cod, 
continental slope water rich in nutrients were evident between March and September 
1979 and nitrate concentrations of 5 µM were found consistently in the bottom waters of 
these sites.  The sources of inorganic nitrogen that sustained high levels of primary 
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productivity in water column during the summer of 1979 were attributed to: recycled 
nitrogen due to remineralization of settled organic matter, regenerated ammonium from 
previous plankton production, or nitrate-rich water from the slope (Draxler et al. 1985).  
Importantly, all of these processes could also provide the substrate needed to support 
direct denitrification.  
Furthermore, bottom water nitrate could also be reduced by iron, both via abiotic 
mineral interactions and by microbial mediation in anaerobic sediments (Burgin and 
Hamilton 2007, Straub et al. 2001, Weber et al. 2006).  Iron-containing silicates can 
reduce nitrate, forming N2 and FeOOH (Postma 1990).  This microbially-mediated iron 
oxidation has been found in aquatic systems, and may be especially present in regions of 
low organic carbon (Weber et al. 2001, 2006).  Direct denitrification can also occur 
excluding nitrate completely via manganese reduction (Luther et al. 1997).  Chemical 
denitrification with manganese as a reducer occurred in sediments in both aerobic and 
anaerobic environments off the coast of Nova Scotia (Luther et al. 1997).  During the 
oxidation of NH3 or organic N by MnO2, a direct pathway for denitrification is provided 
without the need for nitrate; thus, coupled nitrification-denitrification is bypassed (Luther 
et al. 1997).  This reaction can occur in oxic environments and can provide more energy 
than oxidation of organic matter by O2 alone (Luther et al. 1997).  To our knowledge, the 
importance of this process has not been measured at any continental shelf sites in the 
Northwest Atlantic besides Nova Scotia. 
Rich literature relates sediment denitrification rates to primary production, 
subsequent organic matter deposition, and sediment oxygen demand (Cornwell et al. 
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1999, Fulweiler et al. 2008, Kana et al. 1998, Seitzinger et al. 1993, Seitzinger and Giblin 
1996, among many others).  Generally, higher rates of primary production lead to 
increased organic matter deposition to the benthos and higher rates of SOD and sediment 
denitrification (Caffrey et al. 1993, Seitzinger and Giblin 1996).  Approximately 20-50% 
of water column primary production is deposited to the benthos (Atkinson and Wacasy 
1987, Davies and Payne 1984, Forsskahl et al. 1982).  This range can vary over an annual 
cycle (Atkinson and Wacasy 1987), and may depend on site specific characteristics 
including phytoplankton bloom composition (Davies and Payne 1984) and zooplankton 
assemblages (Forsskahl et al. 1982).   
We initially chose these five sites as we hypothesized they would have varying 
levels of primary production, and thus varying levels of denitrification.  Because there 
were limited primary production values available, our hypothesis was based on the 
stratification characteristics of these sites: Block Island Sound is a tidally well-mixed 
system, while Rhode Island Sound is strongly stratified in the summer (Edwards et al. 
2004, Shonting and Cook 1970).  Block Island Sound is more energetic and well-mixed, 
so we hypothesized that this area would not experience the strong nutrient limitation in 
the warmer months, and thus Block Island Sound would exhibit higher levels of primary 
production and higher rates of denitrification than Rhode Island Sound.   Historically, 
Block Island Sound exhibited higher levels of primary production than nearby Rhode 
Island Sound, which corroborated our initial hypothesis (Riley 1952).   
Daily areal productivity rates in Rhode Island and Block Island Sounds were 
measured during two of our sediment core collection cruises in October 2009 and January 
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2010, as well as in April 2010 (Nixon et al. 2010).  Productivity in Rhode Island Sound 
during October 2009 – April 2010 ranged from 160 to 700 mg C m-2 d-1, while primary 




.  Thus, 
similarly to what we had hypothesized, Block Island Sound exhibited a larger range and 
higher rates of water column primary productivity. Unfortunately, while these rates give 
us an overview of the productivity at our sites, they are instantaneous rates or a “snap 
shot” of productivity.  They cannot tell us about the potential organic matter deposition 
events before our sediment collection because two out of three sampling events occurred 
on the same day as our sediment collection.   
Without the appropriate water column production rates, we turn to sediment C:N 
ratios as a proxy for the quality of organic matter deposited to the benthos and thus the 
available fuel for heterotrophic denitrifiers.  All sediment molar C:N ratios were within a 
narrow average range of 8.4 - 10.1 for the top 1 cm and 8.7 - 9.6 for the top 5 cm of 
sediment.  These molar C:N ratios are within the range reported from other temperate 
shelf sites where directly-measured denitrification rates are similar (Mid-Atlantic 
continental slope: 8.3 - 9.3, Anderson et al. 1994, Jahnke and Jahnke 2000; North 
Carolina slope: 7.5 - 10, DeMaster et al. 1994; Gulf of Mexico: 5 - 10, Ruttenberg and 
Goni 1997; Washington shelf: 10 - 13, Keil et al. 1994).  Because the sediment molar 
C:N does not significantly vary across our sites, we propose that the organic matter 
quality at each site was also similar.  We hypothesize that the consistent organic matter 
quality explains the consistent net denitrification rates.  
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To examine the role of primary production and organic matter further, we turned 
to satellite predicted production values for this region. Yoder et al. (2001) reported 
patterns of surface chlorophyll in the near shore East coast of the United States from 
Cape Canaveral to Cape Cod.  While explicit results for our five field sites were not 
reported, locations where we collected sediment cores correspond to two regions in 
Yoder et al. (2001).  Images from the Yoder et al. (2001) study yield an approximate 
range in surface chlorophyll a concentrations from ~0.5 - 7 mg m
-3
, with a calculated 
average of approximately 2.6 mg m
-3
 during 1978-1986. These values are similar to the 
measured surface chlorophyll concentrations for our regions during 2009 (~2-3 µg L
-1
).  
Yoder et al. (2001) observed gradual increases and decreases in near surface chlorophyll 
concentrations.  This observation of gradual change in phytoplankton production is unlike 
the conventional view of discrete pulses of phytoplankton biomass during spring or fall 
blooms (Towsend et al. 1994).  However, it is consistent with recent climate induced 
changes in water column productivity reported for nearby Narragansett Bay (Li and 
Smayda 1998, Nixon et al. 2009).  Both the amount and timing of phytoplankton blooms 
have changed in the bay in the past 50 years, switching from a traditional winter-spring 
bloom to smaller, shorter peaks of production in the spring, summer, and fall (Nixon et 
al. 2009).  Perhaps this shift in phytoplankton production, attributed at least in part to 
warmer waters, may also be occurring in these offshore regions.  In fact, the average 
primary production rate in BIS and RIS regions during October 2009 - April 2010 




) is 3 times lower than measured productivity in the same 




, Riley 1941).   
  
19 
If this shift in the timing and magnitude of phytoplankton production is occurring 
in the Sounds, then we predict significant changes in sediment N2 cycling may also have 
occurred.  Unfortunately, we do not have historical sediment N2 flux data to make such a 
comparison.  However, using the historical primary productivity values and a well known 
and often cited model relating denitrification and primary production, we can estimate 
historic denitrification rates.  Seitzinger and Giblin (1996) compiled sediment 
denitrification rates from a variety of sites, measured with a range of techniques, and 
related these measurements to water column productivity as: DNF = 0.019*PhytoProd, 




), and DNF is the 




).  Using 
the most recently measured average primary productivity rate for Rhode Island and Block 









removed via coupled denitrification.  This model predicted rate is remarkably similar to 
the measured denitrification rate during this same period.  Our average measured net 
denitrification rate for Rhode Island and Block Island Sound during October 2009, 




.  Using the historical average 




 measured by Riley (1941) and reported in O’Reilly and Busch (1984), 




 were previously 
removed in the Northwest Atlantic continental shelf region.  This value is 3 times higher 
than our current net denitrification rate measurements, and suggests that over the past half 
a century coupled nitrification-denitrification could have declined by almost 70%.  This 
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decline is similar to the strong decline and eventual reversal of net sediment N2 fluxes 
Fulweiler et al. (2007) observed in nearby Narragansett Bay.  
 If we scale our robust, overall average directly measured sediment net 




 to the continental shelf area (361,042 
km
2
) between Nova Scotia and Cape Hatteras, approximately 1.42*10
11
moles of N (~2 
Tg of N) per year are removed via denitrification, accounting for just over 5% of the total 
active nitrogen entering the continental shelves (0 - 200 m) of the North Atlantic Ocean 
(Nixon et al. 1996).  In comparison, the modeled denitrification rate suggests that 
historically 4.26 *10
11 
moles of N were removed annually in these offshore waters, or up 
to 16% of the total N entering the North Atlantic.  
 
Conclusions 
 We present a robust spatial and temporal data set documenting the first, directly-
measured sediment net denitrification rates from the offshore Rhode Island region at five 
field sites over a fifteen month period.  Both direct and coupled denitrification are 
occurring as pathways for N removal at these sites.  Despite varying depths, 
temperatures, distances from shore, sediment oxygen demands, and nitrate fluxes, 
sediment net denitrification rates were remarkably similar among all five study sites.  The 
similarities among net denitrification rates, both temporally and spatially, may be 
explained by consistent organic matter quality in the sediments, as exhibited by a narrow 
range of sediment molar C:N ratios.  Therefore, it is likely that organic matter quality is 
the driving environmental factor that influences net denitrification rates in the study 
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region.  In addition, as observed in neighboring Narragansett Bay, sediment 
denitrification rates may have significantly declined in Rhode Island and Block Island 
Sound over the last seven decades.  
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Table 1.1.  Characteristics of sampling sites 
Characteristics of sampling sites, including latitude, longitude, depth, sampling 
temperature range, average salinity, approximate surface chlorophyll, primary 
productivity, porosity, and sediment C:N.   
 
a
Distance from Conimucut Point, RI 
b
Average sampling depth  
c
Sampling bottom water temperatures  
d
Average sampling salinity  
e
Mean Annual Surface Chlorophyll Jan. 1 - Dec. 31, 2009 (Courtesy L. Fields) 
f
Measured Daily Areal Productivity using Niskin bottle collection from October 2009 - 
April 2010 (Courtesy L. Fields) 
g
Average porosity 0-5cm sediment depth during May 2011 (RIS1, RIS2, BIS), Jul, 2010 
(RIS2, BIS, MS2), Aug 2010 (RIS1, RIS2, BIS), Oct 2010 (RIS2, BIS), Jan 2011 (RIS2, 
BIS) 
h
Average sediment C:N (mol:mol) from 0-5cm during Oct 2009 (RIS1, RIS2, BIS), Jan 

































RIS2 41°17.1'N 71°17.9'W 31 39 6 - 17 33.7 3.09 160 - 700 0.58 9.36
RIS1 41°16.2' N 71°23.8 W 33 38 6 - 17 34.6 3.09 160 - 700 0.56 9.48
BIS 41°12.9' N 71°39.5' W 38 34 5 - 17 33.1 2.18 130 - 2260 0.71 9.56
RIS3 41°7.5' N 71°17.8' W 49 63 13 34.2 3.09 160 - 700 n/a 9.21
MS1 40°44.7' N 71°2.6' W 92 59 13 34.6 n/a n/a 0.67 8.73
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Table 1.2.  Monthly net denitrification rates 
Average net denitrification rate (± standard error) is reported for triplicate cores which 
exhibited a net N2 flux with R
2
 ≥ 0.65 during each month of sampling. Temperature is 
included for each sampling month, and the overall site mean net denitrification rate is 
also reported.   
  
  






RIS2 Oct '09 51 (± 10) 17
Jan '10 19 (± 19) 6
May '10 24 (± 2) 8
Jul '10 75 (± 14) 13
Aug '10 20 (± 8) 15
Oct '10 40 (± 15) 14
Average 39 (± 6)
RIS1 Oct '09 73 (± 37) 17
Jan '10 59 (± 16) 6
May '10 63 (± 4) 8
Aug '10 23 (± 9) 15
Average 53 (± 9)
BIS Oct '09 30 (± 7) 17
Jan '10 37 (± 14) 6
May '10 76 (± 22) 8
Jul '10 47 (± 9) 13
Aug '10 40 (± 9) 15
Oct '10 28 (± 9) 14
Jan '11 59 (± 12) 5
Average 45 (± 5)
RIS3 Jul '10 35 (± 33) 13
MS1 Jul '10 31 (± 6) 13
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Table 1.3.  Directly-measured denitrification rates on continental shelves 
 
  










Massachusetts Bay <10 - 128 46 Core incubations 2 - 11 Nowicki et al., 1997
Gas chromatography
Massachusetts Bay 4 - 146 38 - 50  core incubations 6 - 10 Tucker et al., 2008
N2/Ar
Massachusetts Bay 21 - 83 54 - 58  core incubations 4 - 10 Tucker et al., 2010
N2/Ar
Mid-Atlantic Bight <6 - 254 71 In-situ core incubations 13 - 19 Laursen and
(New Jersey) N2/Ar Sietzinger, 2002
South Atlantic Bight 10 - 60 n/a core incubations 15 - 28 Rao et al., 2007
(South Carolina/ GA) N2/Ar
Western Artic Shelf 19 - 117 54 in situ benthic flux chamber 3 - 9 Devol et al., 1997
Gas Chromatography
Eastern North Pacific 32 - 220 133 in situ benthic chamber n/a Devol, 1991
(Washington State) Gas Chromatography





Figure 1.1.  Offshore site map 
Locations of five sampling sites offshore of Southern Rhode Island.  Isobath depths are in 
meters.  RIS2 and BIS were sampled 7 times between October 2009 and January 2011, 
RIS1 was sampled 4 times from October 2009 to August 2010, and RIS3 and MS1 were 





Figure 1.2.  Mean net denitrification rates 




) (± standard error) across the 
sediment-water interface plotted as a function of distance from shore.  Sites include 
Rhode Island Sound 2 (RIS2), Rhode Island Sound 1 (RIS1), Block Island Sound (BIS), 
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Figure 1.3.  Monthly net denitrification rates vs. temperature 




) (± standard error) across the 
sediment-water interface plotted as a function of bottom water temperature (°C).  Sites 
include Rhode Island Sound 2 (RIS2, grey squares), Rhode Island Sound 1 (RIS1, white 
squares), Block Island Sound (BIS, white circle), Rhode Island Sound 3 (RIS3, white 
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Figure 1.4.  Individual net denitrification rates vs. sediment oxygen demand and nitrate 
flux 
Sites include Rhode Island Sound 2 (RIS2, grey squares), Rhode Island Sound 1 (RIS1, 
white squares), Block Island Sound (BIS, white circle), Rhode Island Sound 3 (RIS3, 
white triangle), and Mid-Shelf 1 (MS1, grey triangle). 




) across the sediment water 





) measured using a Hach LDO Probe.  One individual core with a negative net N2 
flux (Jan. 2010, RIS2) has been removed; this did cause significant changes in linear 
regression.  RIS2 (dotted line): N2-N = (0.024*O2-O) +13.77, R
2
 = 0.35, p = 0.01.  RIS1 
(dashed line): N2-N = (0.033*O2-O) – 5.56, R
2
 = 0.64, p = 0.003.  All sites combined 
(solid line): N2-N = (0.01*O2-O) + 28.05, R
2
 = 0.12, p = 0.01. 
b)  Individual net denitrification rates across the sediment water interface plotted as a 
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CHAPTER 2: Re-evaluating marine “nitrification”: Examining how in situ 
environmental conditions influence water column ammonium, nitrite, and total 
oxidation rates 
E.M. Heiss  and R.W. Fulweiler 
 
Abstract 
Human activities have greatly altered conditions in the sea by increasing nutrient 
availability, decreasing oxygen concentrations and pH, and increasing water 
temperatures.  There is much interest in understanding how these changes will alter 
fundamental biogeochemical cycles including the nitrogen (N) cycle.  However, before 
we can link these changes to altered nitrogen cycling processes, we need to assess our 
current state of knowledge on how nitrogen pathways respond to in situ environmental 
conditions.  Here, we examine nitrification – the two-step oxidation process of 
ammonium (NH4
+
) to nitrite (NO2
-
) then nitrate (NO3
-
).  
Specifically, this study analyzes published measurements of ammonium, nitrite, 
and total oxidation from marine water columns worldwide using data available in peer-
reviewed literature.  We show that rates of ammonium, nitrite, and total oxidation are 
significantly different among Estuary, Continental Shelf, and Open Ocean regions 
(p<0.0001).  For all oxidation types, rates are highest near the coast and decrease 
offshore.  In the Continental Shelf region, mean ammonium and nitrite oxidation rates are 
significantly higher in surface waters (0-100 m: 0.26 and 0.33 µM d
-1
, respectively) than 
at depth (>100 m: 0.009 and 0.066 µM d
-1
, respectively).  Similarly, Open Ocean mean 
ammonium and nitrite oxidation rates are also significantly higher in surface waters 
(0.016 and 0.024 µM d
-1





respectively).  Thus, in addition to ammonium oxidation, nitrite oxidation within the 
photic zone may also play a role in supporting marine primary production.  In all regions, 
nitrite oxidation can outpace ammonium oxidation rates, indicating that sources of nitrite 
besides ammonium oxidation are crucial in marine ecosystems.  Additionally, ammonium 
and nitrite oxidation rates are influenced by different in situ conditions, including salinity, 
depth, and substrate concentration.  However, the relative importance of these in situ 
conditions varies among Estuary, Continental Shelf, and Open Ocean environments.   
Thus, we can no longer consider how marine water column “nitrification” as a whole 
may change as humans continue to impact the environment.  Instead, ammonium and 
nitrite oxidation rates need to be considered separately and on varying spatial scales.   
  
Introduction:   
Since the mid-nineteenth century, human activities have dramatically altered the 
global landscape through industrial development, fossil fuel combustion, land use 
change, and fertilizer synthesis (IPCC 2007).  In turn, these actions have caused a series 
of changes in global climate, including warming temperatures, changes in weather 
patterns, and increased marine productivity due to excess nutrient loading (Stocker et al. 
2013).  Global mean surface temperature has increased on average 0.85°C (0.65-1.06°C) 
from 1880 to 2012, with the most intense period of temperature increase occurring since 
1951 (Hartmann et al. 2013).  Seawater temperatures have risen across nearly all latitudes 
and depths (Levitus et al. 2009), with upper water column (0-75 m) temperatures 
exhibiting the greatest temperature increase on average of 0.11°C (0.09-0.13°C) per 
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decade since 1971 (Rhein et al. 2013).  Additionally, global ocean pH has been declining 
as seawater takes up carbon dioxide (CO2).   Since the pre-industrial era, the mean pH of 
seawater has decreased by 0.1 (Orr et al. 2005, Feely et al. 2009, Rhein et al. 2013), and a 
recent study estimates that Northern Hemisphere seawater pH is decreasing at a rate of  
-0.0014 to -0.0024 per year (Rhein et al. 2013).  While changes in seawater pH are 
evident at the global scale due to rising CO2, pH shifts can be more pronounced in coastal 
ecosystems, up to 0.5 units, as direct results of land use, nutrient loads, and ecosystem 
metabolism (Duarte et al. 2013).  Differences in salinity among ocean regions have also 
become more pronounced in recent decades, with mid-latitude surface waters becoming 
more saline and surface waters of polar regions and rain-dominated tropical zones 
becoming more fresh since the 1950s (Boyer et al. 2005, Durack & Wijffels 2010, Rhein 
et al. 2013).   
Still, perhaps the most notable change in marine ecosystems has been the intense 
rise in nutrient loading due to human activities.  In particular, the amount of reactive 
nitrogen in the biosphere has increased over 1000% (from 15 to 165 Tg N per year) since 
1860 (Galloway et al. 2003).  Since 1970 alone, global reactive nitrogen creation has 
increased 120% (Galloway et al. 2008).  This anthropogenic nitrogen can be created in 
several ways (e.g. fertilizer application, fossil fuel combustion, cultivation of nitrogen-
fixing crops), and can cycle and flow through the atmosphere, terrestrial, and freshwater 
environments repeatedly before reaching marine ecosystems via the “Nitrogen Cascade” 
(Galloway et al. 2003).  While nitrogen serves an essential role as the overall limiting 
nutrient in marine ecosystems, too much nitrogen can lead to negative consequences.  
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Increased nitrogen loads are associated with eutrophication or an increase in organic 
matter loading to a system (Nixon 1995).  In turn, eutrophication can lead to hypoxic or 
low oxygen conditions, food web shifts, and biodiversity loss (Rabalais et al. 2002, Diaz 
& Rosenberg 2008).   
As anthropogenic activities continue into the future, so will the changes to our 
marine environment.   In order to understand and predict the impacts of such changes on 
nitrogen cycling, a critical first step must be to assess our current state of knowledge.  
Many modeling and laboratory studies have predicted that global biogeochemical cycling 
of nitrogen as a whole will change as temperatures rise, oxygen minimum zones spread, 
and seawater pH declines (Hutchins et al. 2009, Beman et al. 2011, Bowen et al. 2013, 
Voss et al. 2013).  Additionally, direct field measurements have also reported unexpected 
changes in nitrogen biogeochemistry due to climate-induced alterations (Fulweiler et al. 
2007, Heiss et al 2012).  Thus, now is the time to evaluate how each biogeochemical 
nitrogen cycling process responds to changes in environmental conditions.   
Within the marine nitrogen cycle, nitrification plays a particularly important role.  
Nitrification is a critical two-step process which serves as the major biological link 
between reduced and oxidized inorganic nitrogen species in the environment.  
Ammonium (NH4
+
) oxidation, the first step of nitrification, converts NH4
+
 to nitrite  
(NO2
-
) and can be performed by bacteria and archaea (Schleper & Nicol 2010, Ward 
2011).  Ammonium oxidizers, which were previously thought to be inhibited by light, 
have recently been shown to be active within the photic water column and can contribute 
to marine “new” production (Yool et al. 2007, Grundle et al. 2013).  Ammonium 
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oxidizers may further influence rates of primary production, and thus the marine carbon 
cycle as a whole, by competing with phytoplankton for nutrients (Martens-Habbena et al. 
2009).  As ammonium oxidation is the first, and generally considered rate-limiting step of 
nitrification, numerous studies have investigated the role of environmental conditions 
(e.g. temperature, salinity, substrate concentration) on regulating rates in natural marine 
environments (Bianchi et al. 1999a, Ward 2005, Grundle & Juniper 2011) 
Currently, only bacteria are known to be capable of the second step of 
nitrification, nitrite (NO2
-





) and thus plays the crucial role of providing the substrate needed for 
denitrification.  Denitrification is a microbial-mediated process which converts 
biologically usable nitrogen in the form of NO3
-
 into mostly inert dinitrogen (N2) gas.  
This natural filtering mechanism for reactive nitrogen is especially important as humans 
continue to increase global reactive nitrogen concentrations (Galloway et al. 2008).  
However, nitrite oxidation is generally under-studied compared to ammonium oxidation, 
and environmental controls on this step of nitrification are less well constrained.   
To date, no organism is known to be capable of performing both ammonium and 
nitrite oxidation processes.  However, the scientific community often continues to refer to 
ammonium and nitrite oxidation combined as one process, “nitrification”.  Therefore, we 
generally discuss “nitrification” as a whole when considering the impact of 
environmental conditions including temperature, salinity, and pH on marine nitrogen 
cycling (Ward 2008).  However, recent measurements of both ammonium and nitrite 
oxidation have shown that ammonium and nitrite oxidation rates respond in dissimilar 
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ways to in situ temperature, salinity, dissolved oxygen, and pH (Heiss & Fulweiler, in 
review).  Heiss and Fulweiler (in review) also recently reported that the environmental 
conditions which most strongly influence ammonium and nitrite oxidation rates differ 
between coastal and offshore environments.   
 Such studies highlight the need to better understand the environmental conditions 
which truly regulate “nitrification” rates.  Do ammonium or nitrite oxidation rates dictate 
overall rates of “nitrification”?  How do these two oxidation processes respond to in situ 
environmental conditions?  Further, are the responses of ammonium and nitrite oxidation 
similar in various marine ecosystems?  And, how do rates of each process vary from 
shore to the open ocean? 
Understanding the answers to these questions will shed light on the environmental 
controls which help regulate ammonium and nitrite oxidation processes separately.  This, 
in turn, will provide insight to how the marine nitrogen cycle may change as human 
activities alter the environment.   The purpose of this paper is to determine overall trends 
in environmental conditions regulating marine ammonium and nitrite oxidation rates in 
hopes of disentangling how “nitrification” as a whole may change in the future.  We 









 oxidation) from 
marine sites worldwide, ranging from urban estuaries to open oceans.  Our aim was to 
determine if ammonium and nitrite oxidation rates significantly differed from each other, 
and if there existed significant variation among regions.  We also gathered as many 
concurrent measurements of depth, temperature, salinity, dissolved oxygen, pH, and 
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) as reported with 
oxidation rates.  We then used these data to determine the in situ conditions that are most 
important in regulating marine ammonium oxidation, nitrite oxidation, or total 
nitrification rates.    
 
Methods 
Data Gathering and Classification 
Water column nitrification rates from marine ecosystems worldwide were 
gathered from published peer-reviewed literature.  Journals articles were found using 
Web of Science and various search terms including “nitrification marine,” “ammonium 
oxidation,” “nitrite oxidation,” and “nitrification seawater” among others (Table 2.1).  
Nitrification rates were collected from a wide variety of ecosystems spanning across 
tropical, temperate, and arctic regions.  Specifically, papers used in this analysis met the 
following four criteria.  First, oxidation rates were measured in an ecosystem with 
salinity at least 7 ppt (salinity of 7 was selected to include a large number of nitrification 
rates reported from the Baltic Sea (Enoksson 1986, Hietanen et al. 2012)).  Studies that 
were near estuarine environments, but did not report salinity (Lipschultz et al. 1986) were 
not included, nor were oxidation rates with salinities below 7 ppt (Owens 1986, 
Berounsky & Nixon 1993, Feliatra & Bianchi 1993, Iriarte et al. 1998).  Second, 
oxidation rates were measured in the water column.  Studies which reported 
measurements of ammonium, nitrite, or total oxidation for marine sediments only were 
not included (Jantti et al. 2011).  Third, oxidation rates must have been measured using a 
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direct technique (i.e. 
14




N tracers, chemical 
assays with specific inhibitors).  Oxidation rates based on mass-balance calculations 
(Pakulski et al. 1995) and other indirect calculations (e.g. flow rate and chemical 
composition (Balls et al. 1996)) were not included in this study.  Fourth, water samples 
were not amended with high concentrations of substrate (1µM) to be deemed as 
“potential nitrification rates” in the study text (Christman et al. 2011), or were subjected 
to kinetic rate experiments with various substrate concentrations (Olson 1981, Berounksy 
1990, Horak et al. 2013) 
Nitrification rates were collected directly from each peer-reviewed study that met 
the above criteria via manuscript text, data table, or figures.  Data Thief III version 1.6, a 
software program using axes reference points and scales, was used to gather data points 
from published figures.  Along with rates of nitrification, environmental variables that 
were measured concurrently with oxidation rates were also gathered from figures, 
including sampling depth, incubation temperature, salinity, dissolved oxygen, pH, and in 






, and NOx).   
Nitrification rates were defined as measuring ammonium (NH4
+
) oxidation, nitrite 
(NO2
-
) oxidation, or total oxidation.  We defined ammonium oxidation rates as those 




 (Feliatra & 
Bianchi 1993, Bianchi et al. 1994, Bianchi et al. 1997, Bianchi et al. 1999a, Bianchi et al. 
1999b, Grundle & Juniper 2011, Kitidis et al. 2011, Grundle et al. 2013), or by measuring 
the change in 
15
N content of the NO2
-




 tracer (Miyazaki 
et al. 1973, Miyazaki et al. 1975, Olson 1981, Ward et al. 1982, Hashimoto et al. 1983, 
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McCarthy et al. 1984, Ward et al. 1984, Ward 1985, 1987, Ward & Zafiriou 1988, 
Horrigan et al. 1990, Lipschultz et al. 1990, Ward & Kilpatrick 1990, 1991, McCarthy et 
al. 1999, Ward 2005, Mackey et al. 2011, Newell et al. 2011, Fussel et al. 2012, 
Kalvelage et al. 2013, Newell et al. 2013, Heiss & Fulweiler, in review).  Nitrite (NO2
-
) 





concentrations (Feliatra & Bianchi 1993, Bianchi et al. 1994, Bianchi et al. 1997, Bianchi 
et al. 1999a, Bianchi et al. 1999b, Grundle & Juniper 2011, Grundle et al. 2013), or by 








 was added as a tracer (Olson 1981, 
Ward 1987, Horrigan et al. 1990, Lipschultz et al. 1990, Ward & Kilpatrick 1991, Fussel 
et al. 2012, Beman et al. 2013, Kalvelage et al. 2013, Heiss & Fulweiler, in review) .  
Total oxidization was defined as measuring the overall, two-step nitrification process of 
both ammonium and nitrite oxidation.  Total oxidation rates included methods of 
14
C 
bicarbonate incorporation (Somville 1984, Owens 1986, Berounksy 1990, Berounsky & 
Nixon 1990, 1993, Iriarte et al. 1997, Iriarte et al. 1998, Brion et al. 2000, Rees et al. 
2006), measuring the 
15




 pool (Enoksson 1986, Clark et al. 




 (Enoksson 1986, 
Raimbault et al. 1999, Sutka et al. 2004) or 
15
NOx (Diaz & Raimbault 2000, Fernandez & 
Raimbault 2007, Beman et al. 2008a, Fernandez et al. 2009, Santoro et al. 2010, Beman 
et al. 2011, Beman et al. 2012, Hietanen et al. 2012, Beman et al. 2013, Horak et al. 2013, 




 was added as a tracer.  Although several studies 
specifically refer to measuring the 
15




 is added as a tracer as 
“ammonium oxidation,” (Beman et al. 2008a, Beman et al. 2011, Beman et al. 2012, 
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Beman et al. 2013, Horak et al. 2013) we have re-defined these rates as total oxidation for 
this analysis.  Although in these specific studies, the 
15
N content of all NOx would have 








 oxidation products are 
combined when measuring the NOx pool.  Since other studies specifically measure only 
15
N content of NO2
-




 tracer is added, we needed to re-define measuring 
15





), and Total Oxidation rates from each study 
were categorized by general location type: Estuary, Continental Shelf, and Open Ocean.  
We defined estuary sites as in-shore, enclosed bays, or fjord-type systems (mean depth = 
18 m; mean salinity = 27).  Continental Shelf sites include all measurements from coastal 
zones (not enclosed bay, ex. Monterey Bay) out to the edge of the continental shelf break 
or ~200 km from shore, and Open Ocean rates were defined as rates in waters beyond 
200 km from shore.   
 
Statistical Analysis 
Water column oxidation rates were sorted by location (Estuary, Continental Shelf, 




 oxidation, total oxidation), and method 
(
14




N tracer, and chemical assay).  Rate 
distributions and statistical analysis were performed using SAS JMP 10.0.  Non-
detectable rates were not included in this analysis (Berounsky & Nixon 1990, 1993, Dore 
& Karl 1996, Iriarte et al. 1997, Bianchi et al. 1999b).  
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Oxidation rates from Estuary, Continental Shelf, and Open Ocean regions were 
not normally distributed, thus we employed non-parametric statistical methods to 
compare groups of rates.  Nitrification rates were compared within location (e.g. Estuary 
NH4
+
 oxidation rates were compared to Estuary NO2
-
 and total oxidation rates) and across 
regions for the same oxidation measurement type (e.g. Estuary NH4
+
 oxidation rates were 
compared to Continental Shelf and Open Ocean NH4
+
 oxidation rates).  For Continental 
Shelf and Open Ocean regions, specific oxidation rate types from the photic zone (0-100 
m) were also compared to specific oxidation rates below 100 m (e.g. Continental Shelf 
NH4
+
 oxidation rates from 0-100 m were compared to Continental Shelf NH4
+ 
oxidation 
rates measured at depths over 100 m).  The effect of methods were only analyzed within 
the specific location and oxidation rate type (e.g. Open Ocean NH4
+
 oxidation rates 
measured using 
14
C bicarbonate incorporation were compared to Open Ocean NH4
+
 




N tracer, and chemical assay methods).  
The equality of variances between oxidation rate groups was tested using the Brown-
Forsythe test, which compares the spread of the measured rates against the median.  A 
Welch analysis of variance (ANOVA) was then performed to determine if oxidation rate 
means were equal, assuming unequal variances.  Finally, Steel-Dwass tests revealed 
statistically significant differences between pairs of oxidation rate sets being compared 
within the larger group.   
The influence of in situ environmental conditions on water column oxidation rates 




 oxidation , and total 
oxidation) and each location (Estuary, Continental Shelf, and Open Ocean) separately.  In 
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situ environmental conditions evaluated included: sampling depth, incubation 





), and nitrate (NO3
-
) concentrations.  Relationships between each environmental 
parameter and each oxidation rate type per location were first determined with simple, 




, and total 
oxidation rates against each in situ condition.  Oxidation rates were log-transformed 
[log(oxidation rate +1)] to make the oxidation rates more normally distributed and avoid 
skewing the regression trends.  Statistically significant linear regressions were 





, and total oxidation rate were evaluated for all water column depths as a 
whole.  For Continental Shelf and Open Ocean locations, the influence of in situ 
environmental conditions on each oxidation rate type was also evaluated for 0 to 100 m 
and over 100 m depth ranges. 
Following univariate regressions, a stepwise multiple regression using minimum 
Akaike’s Information Criteria (AIC) to determine the best fitting model was performed 
for each location to determine which combination of in situ environmental variables best 
predicted each oxidation rate type (Akaike 1974, Graham 2003).  For this multiple 
regression analysis, the most complete sub-set of data and environmental conditions was 
evaluated for each location and oxidation rate type.  Since not all in situ conditions were 
reported for every oxidation rate collected, not every rate was able to be included in 
multivariate analysis.  We describe which data sets were used in the multiple regression 




Oxidation Rate Distributions and Differences Across Locations 
Water column oxidation rates were gathered from 59 peer-reviewed papers that 
met our criteria (Miyazaki et al. 1973, Miyazaki et al. 1975, Somville 1978, Olson 1981, 
Ward et al. 1982, Hashimoto et al. 1983, McCarthy et al. 1984, Ward et al. 1984, Ward 
1985, Enoksson 1986, Lipschultz et al. 1986, Ward 1987, Ward & Zafiriou 1988, 
Berounsky & Nixon 1990, Horrigan et al. 1990, Lipschultz et al. 1990, Ward & 
Kilpatrick 1990, 1991, Berounsky & Nixon 1993, Feliatra & Bianchi 1993, Bianchi et al. 
1994, Dore & Karl 1996, Bianchi et al. 1997, Iriarte et al. 1997, Iriarte et al. 1998, 
Bianchi et al. 1999a, Bianchi et al. 1999b, McCarthy et al. 1999, Raimbault et al. 1999, 
Brion et al. 2000, Diaz & Raimbault 2000, Huesemann et al. 2002, Sutka et al. 2004, 
O'Mullan & Ward 2005, Ward 2005, Rees et al. 2006, Clark et al. 2007, Fernandez & 
Raimbault 2007, Beman et al. 2008b, Clark et al. 2008, Fernandez et al. 2009, Carini et 
al. 2010, Santoro et al. 2010, Beman et al. 2011, Grundle & Juniper 2011, Kitidis et al. 
2011, Mackey et al. 2011, Newell et al. 2011, Beman et al. 2012, Fussel et al. 2012, 
Hietanen et al. 2012, Beman et al. 2013, Grundle et al. 2013, Horak et al. 2013, 
Kalvelage et al. 2013, Newell et al. 2013, Veuger et al. 2013, Heiss & Fulweiler, in 
review).  From these publications we assembled a total of 1072 measurements of NH4
+
 
oxidation, 598 measurements of NO2
-
 oxidation, and 824 measurements of total 
oxidation.  Measurements from Continental Shelf regions accounted for approximately 




 oxidation rates, respectively (Figure 2.1).  




 oxidation rates, while 
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rates (Figure 2.1).  However, total oxidation rates were much more evenly distributed 
among location types, with Estuary, Continental Shelf, and Open Ocean regions 
accounting for 39, 34, and 27 percent, respectively (Figure 2.1).   
Estuary, Continental Shelf, and Open Ocean nitrification rates each exhibited non-
normal distributions, all heavily skewed towards lower rate measurements.  Estuary NH4
+
 
oxidation rates ranged from 0 – 83 µM d-1 with approximately 66 percent of rates ≤ 1 µM 
d
-1
 and a mean of 4.2 µM d
-1
 (n = 155, Figure 2.2A, Appendix Table C.1).  Estuary NO2
-
 
oxidation rates ranged from 0 – 35 µM d-1 with approximately 72 percent of rates ≤ 1 µM 
d
-1
 and a mean of 1.7 µM d
-1
 (n = 89, Figure 2.2D, Appendix Table C.1).  Estuary total 
oxidation rates ranged from 0 – 285 µM d-1 with approximately 60 percent of rates ≤ 1 
µM d
-1
 and a mean of 5.9 µM d
-1
 (n = 322, Figure 2.2G, Appendix Table C.1).    Steel-




 oxidation rates were not different from 




 oxidation rates were lower 
than Estuary total oxidization (p = 0.001 and 0.019, respectively) (Figure 2.3).    
Continental Shelf rates were generally lower than Estuary rates.  Continental 
Shelf NH4
+
 oxidation rates ranged from 0 – 4.2 µM d-1 with approximately 73 percent of 
rates ≤ 0.1 µM d-1 and an overall mean of 0.20 µM d-1 (n = 651, Figure 2.2B, Appendix 
Table C.1).  Continental Shelf NO2
-
 oxidation rates ranged from 0 – 2.3 µM d-1 with 
approximately 47 percent of rates ≤ 0.1 µM d-1 and an overall mean of 0.27 µM d-1 (n = 
380, Figure 2.2E, Appendix Table C.1).  Continental Shelf total oxidation rates ranged 





 (n = 280, Figure 2.2H, Appendix Table C.1).   Steel-Dwass tests show that 




 oxidation rates are different (p < 
0.0001).  However, Continental Shelf NH4
+
 oxidation is not different from total 
oxidation, but Continental Shelf total oxidation is different from NO2
-
 oxidation rates (p 
< 0.0001) (Figure 2.3).   
Within the Continental Shelf region, oxidation rates were higher in the surface 
waters than at depth.  Mean NH4
+
 oxidation rate at depths from 0 to 100 m was 0.26 µM 
d
-1
(n = 483) which is similar to the overall mean, while the mean NH4
+
 oxidation rate at 
depths over 100 m was significantly lower at 0.009 µM d
-1
 (n = 143, p < 0.0001) (Figure 
2.4A).  Continental Shelf NO2
-
 oxidation rates were also significantly higher (p < 0.0001) 
at depths from 0 to 100 m (0.33 µM d
-1
, n = 483) than at depths over 100 m (0.066µM  
d
-1
, n = 84) (Figure 2.4B).  Total oxidation rates followed similar trends with depth (0-
100 m: 0.23µM d
-1
, n = 235; >100 m: 0.050µM d
-1
, n = 45; p = 0.0002) (Figure 2.4C).   
Open Ocean rates were generally lower than both Estuary and Continental Shelf 
rates.  Open Ocean NH4
+
 oxidation rates ranged from 0 – 0.14 µM d-1 with approximately 
66 percent of rates ≤ 0.01 µM d-1 and an overall mean of 0.012 µM d-1 (n = 266, Figure 
2.2C, Appendix Table C.1).  Open Ocean NO2
-
 oxidation rates ranged from 0 – 0.19 µM 
d
-1
 with approximately 55 percent of rates ≤ 0.01 µM d-1 and a mean of 0.018 µM d-1 (n = 
129, Figure 2.2F, Appendix Table C.1).  Open Ocean total oxidation rates ranged from 0 
– 0.26 µM d-1 with approximately 53 percent of rates ≤ 0.01 µM d-1 and a mean of 0.017 
µM d
-1
 (n = 222, Figure 2.2I, Appendix Table C.1).  Steel-Dwass tests show that like 




 oxidation are not different (p = 
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0.11).  However, Continental Shelf NO2
-
 and Total oxidation were also not different (p = 
0.48), but Open Ocean NH4
+
 is different from Total oxidation (p < 0.0001) (Figure 2.3).   
Oxidation rates were also higher in the surface waters than at depth in the Open 
Ocean region.  Mean NH4
+
 oxidation rate at depths from 0 to 100 m was 0.016 µM d
-1 
(n 
= 173), while the mean NH4
+
 oxidation rate at depths over 100m was significantly lower 
(0.0068 µM d
-1
, n = 190, p < 0.002) (Figure 2.5A).  Open Ocean NO2
-
 oxidation rates 
were also significantly higher (p = 0.03) at depths from 0 to 100 m (0.024 µM d
-1
, n = 57) 
than at depths over 100 m (0.013µM d
-1
, n = 69) (Figure 2.5B), as were total oxidation 
rates (0-100 m: 0.020µM d
-1
, n = 175; >100 m: 0.005µM d
-1
, n = 47; p < 0.0001) (Figure 
2.5C).   




, and total oxidation 
rates within a single location, each oxidation rate type was different when comparing 
across Estuary, Continental Shelf, and Open Ocean locations.  Estuary, Continental Shelf, 
and Open Ocean NH4
+
 Oxidation rates have statistically different means (Welch 
ANOVA, F = 72.6, p < 0.0001; Steel-Dwass p < 0.0001 for all pairs) and variances 
(Brown Forsythe, F = 54.15, p < 0.0001) (Figure 2.3).  Similarly, Estuary, Continental 
Shelf, and Open Ocean NO2
-
 oxidation rates also have statistically different means 
(Welch ANOVA, F = 104.9, p < 0.0001; Steel-Dwass p = 0.023 for Estuary/Continental 
Shelf NO2
-
 Ox., and p < 0.0001 for Open Ocean/Estuary and Open Ocean/Continental 
Shelf NO2
-
 Ox.), and their variances also differ (Brown Forsythe, F = 25.01, p < 0.0001) 
(Figure 2.3).  Likewise, total oxidation rates also exhibited different means (Welch 
ANOVA, F = 18.1, p < 0.0001; Steel-Dwass p < 0.0001 for all pairs) and variances 
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(Brown Forsythe, F = 10.135, p < 0.0001) among Estuary, Continental Shelf, and Open 
Ocean regions (Figure 2.3). 
 
Methodological Differences in Oxidation Rates 
Overall, the 
15
N tracer technique was the most commonly used method for 
measuring nitrification (1496 measurements), followed by chemical assay (607 
measurements), 
14
C bicarbonate incorporation (295 rates), and 
15
N dilution (96 rates) 
(Figure 2.6).  However, different methods were clearly favored specifically based on 
location.  Estuary measurements alone comprised 80 percent of all 
14
C bicarbonate 
incorporation rates, while 65 percent of 
15
N dilution rates were measured in the Open 
Ocean (Figure 2.6).  
15
N tracer and chemical assay methods were both heavily used in 
Continental Shelf regions (approximately 60 percent each) (Figure 2.6).   




, and total oxidation rates, we 
evaluated the differences among method for each location and oxidation rate type 
separately (Figure 2.7).  Estuary NH4
+
 oxidation rates measured using 
15
N tracer methods 
were significantly higher than rates measured using chemical assays (Welch’s t = 4.25, p 
< 0.0001) (Figure 2.7A).  Similarly, Estuary NO2
-
 oxidation rates measured using 
15
N 
tracer methods are also significantly higher than rates measured using chemical assays 
(Welch’s t = 2.93, p = 0.006) (Figure 2.7D).  Estuary total oxidation rates measured using 
14
C bicarbonate incorporation are higher than rates measured using 
15
N tracer (Steel 
Dwass z = -5.88, p < 0.0001).  However, rates measured using 
15
N dilution were not 
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different from either 
14
C incorporation or 
15
N tracer results (Steel Dwass z = 0.48, p = 
0.88 and z = -1.69, p = 0.21, respectively) (Figure 2.7G).   
 Continental Shelf nitrification rates also exhibited differences in mean rates based 
on method.  Continental Shelf NH4
+
 oxidation rates measured using 
14
C incorporation 
and chemical assay methods were not different from each other (Steel Dwass z = 0.55, p 
= 0.85), however 
14
C incorporation and chemical assay methods yielded higher rates than 
those measured using 
15
N tracer (z = -4.17 and = p < 0.0001; z = 16.56, p < 0.0001 
respectively) (Figure 2.7B).  However, Continental Shelf NO2
-
 oxidation rates measured 
using 
14
C incorporation and 
15
N tracer methods were not different from each other (Steel 
Dwass z = -2.02, p = 0.11), however both were lower than rates measured using chemical 
assay (z = 3.23, p = 0.004 and z = 14.39, p < 0.0001, respectively) (Figure 2.7E).  When 
measuring total oxidation rates on the Continental Shelf, however, rates measured using 
14
C bicarbonate incorporation, 
15
N dilution, and 
15
N tracers were not different from each 













N Tr.) (Figure 2.7H).   
Not surprisingly, method differences were also observed for the Open Ocean.  
Open Ocean NH4
+
 oxidation rates measured using 
14
C incorporation were higher than 
rates measured using 
15
N tracer (Steel Dwass z = -2.78, p = 0.03).  Open Ocean NH4
+
 
oxidation rates measured using chemical assays were higher than rates measured using 
15
N dilution (z = 4.72, p < 0.0001) or tracer (z = 7.17, p < 0.0001).  However, the Open 
Ocean NH4
+
 oxidation rates using 
14
C incorporation were not different from chemical 
assays (z = -0.61, p = 0.93) or 
15




Oxidation rates measured using 
15
N dilution and 
15
N tracer were also similar (z = -1.67, p 




 oxidation rates 
measured using 
15
N dilution and 
15
N tracer methods were not different (z = -0.07, p = 
1.0).  However both rates measured using 
15
N dilution and 
15
N tracer methods were lower 
than rates measured using chemical assays (z = 4.41, p < 0.001 and z = 2.90, p = 0.01, 
respectively) (Figure 2.7F).   Similar to Estuary locations, Open Ocean total oxidation 
rates measured using 
14
C bicarbonate incorporation were higher than rates measured 
using 
15N tracer (Welch’s t = 2.25, p = 0.05) (Figure 2.7I).   
 
Ammonium vs. Nitrite Oxidation 
 Water column NH4
+
 oxidation rates were significantly, positively related to NO2
-
 
oxidation rates in all regions (Figure 2.8).  Estuary NH4
+
 oxidation rates were positively, 
significantly related to NO2
-
 oxidation rates [n = 83, R
2
 = 0.75, p < 0.0001; Log(NO2
- 
Ox. 
+1) = 0.038 + 0.56*Log(NH4
+
 Ox. +1)] (Figure 2.8A).  Most Estuary rates plotted below 
the 1:1 line, indicating that NH4
+
 Oxidation rates were often higher than NO2
-
 oxidation 
rates (Figure 2.8A).  However, on several occasions, Estuary NO2
-
 oxidation rates 
outpaced NH4
+
 oxidation rates, especially at lower rate values (Figure 2.8A).  
 Continental Shelf NH4
+
 oxidation rates were also significantly, positively related 
to NO2
-
 oxidation rates [n = 295, R
2
 = 0.84, p < 0.0001; Log(NO2
- 
Ox. +1) = 0.022 + 
0.69*Log(NH4
+
 Ox. +1)] (Figure 2.8B).  Again, most points plotted below the 1:1 line, 
indicating that NH4
+
 oxidation rates were higher than NO2
-
 oxidation rates overall (Figure 




 oxidation rates were observed 
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in the Continental Shelf region than in the Estuary zone, and these instances of NO2
-
 
oxidation outpacing NH4+ oxidation occurred at both low (0-0.1 µM d
-1
) and mid (0.1-1 
µM d
-1
) rate ranges (Figure 2.8B).   
 NH4
+
 Oxidation rates were also positively related to NO2
-
 oxidation rates in the 
Open Ocean [n = 128, R
2
 = 0.35, p < 0.0001; Log(NO2
- 
Ox. +1) = 0.0038 + 
0.76*Log(NH4
+










 oxidation rates were high (~0.02-0.1 µM d
-1
) (Figure 2.8C).  However, often 
NO2
-




 oxidation rates remained near 
zero, and this these instances plotted above the 1:1 line (Figure 2.8C).  
 
In Situ Environmental Controls on Estuary Oxidation Rates 
 Estuary NH4
+
 oxidation rates exhibited the most significant negative linear 
relationship with salinity (Table 2.2, Appendix Figure C.1).  Estuary NH4
+
 oxidation rates 
also exhibited a positive, linear relationship with substrate (NH4
+
) concentration and an 
exponential, negative relationship with dissolved oxygen (DO) (Table 2.2, Appendix 
Figures C.1, C.3).  Estuary NH4
+
 oxidation rates exhibited significant, but non-predictive 
(R
2 
< 0.20) relationships with depth, temperature, product (NO2
-
) concentration, and 
nitrate concentration (Table 2.2, Appendix Figures C.1, C.3).  Estuary NH4
+
 oxidation 
rates did not exhibit a significant relationship with pH (Table 2.2, Appendix Figure C.1). 
 The most complete data set for multivariate regression analysis included NH4
+
 
oxidation rates from the Northwest Mediterranean Sea (Bianchi et al. 1994), British 
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Columbia (Grundle & Juniper 2011), and coastal Rhode Island (Heiss & Fulweiler, in 






 were included as 
environmental parameters, because temperature, pH, and DO were not available across 
all the studies.  The best-fitting model indicated that Estuary NH4
+
 oxidation rates are 
most influenced by product (NO2
-
) concentration, salinity, and substrate (NH4
+
) 
concentration (Table 2.3). 
Estuary NO2
-
 oxidation rates exhibited the most significant univariate relationship 
with pH (Table 2.2, Appendix Figure C.1).  However, this relationship was only based on 
9 data points from one study (Heiss & Fulweiler, in review), and thus may not be 
representative of the Estuary dataset as a whole.  Similar to Estuary NH4
+
 oxidation rates, 
NO2
-
 oxidation rates exhibited a strong, negative, linear relationship with salinity (Table 
2.2, Appendix Figure C.1).  Estuary NO2
- 
oxidation rates also exhibited positive, highly 




 concentrations (Table 2.2, Appendix Figure 
C.3).  Estuary NO2
-
 oxidation rates exhibited significant, but non-predictive (R
2 
< 0.20) 
relationships with depth (Table 2.2, Appendix Figure C.1).  Estuary NO2
-
 oxidation rates 
did not exhibit significant relationships with temperature, dissolved oxygen, or product 
(NO3
-
) concentration (Table 2.2, Figures Appendix C.1, C.3). 
 Similar to Estuary NH4
+
 oxidation, the most complete data set for multivariate 
regression analysis also included NO2
-
 oxidation rates from the Northwest Mediterranean 
Sea (Bianchi et al. 1994), British Columbia (Grundle & Juniper 2011),and coastal Rhode 







 as environmental parameters.  The best-fitting 
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model indicated that unlike NH4
+
 oxidation, Estuary NO2
-
 oxidation rates were most 
influenced by substrate (NO2
-
) concentration, product (NO3
-
) concentration, and depth 
(Table 2.3).   
Estuary total oxidation rates also exhibited the most significant univariate 
relationship with pH (Table 2.2, Appendix Figure C.1).  Again, this relationship is based 
on one region alone (Narragnasett Bay, Rhode Island) (Berounsky & Nixon 1990, 1993, 
Fulweiler et al. 2011), and thus may not be representative of estuaries as a whole.  
Estuary total oxidation rates did exhibit a positive, linear relationship with NH4
+
 
concentration (Table 2.2, Appendix Figure C.3).  Total oxidation rates exhibited 
significant, but non-predictive (R
2 
< 0.20) relationships with depth, temperature, 
dissolved oxygen, NO2
-
 concentration, and NO3
- 
concentration (Table 2.2, Appendix 
Figures C.1, C.3).  Total oxidation rates did not exhibit a significant relationship with 
salinity (Table 2.2, Appendix Figure C.1). 
Studies with the most complete data set for multiple regression of Estuary total 
oxidation rates ranged from Chesapeake Bay (McCarthy et al. 1984), Narragansett Bay, 
Rhode Island (Berounsky & Nixon 1990, 1993), the Gulf of Mexico (Carini et al. 2010), 
Northern Spain (Iriarte et al. 1998), and Southwest England (Owens 1986).  Depth, 
temperature, salinity, dissolved oxygen, and NH4
+
concentration were included as 
environmental parameters.  The best-fitting model indicated that temperature was the 
most significant factor impacting Estuary total oxidation rates, while salinity played a 




In Situ Environmental Controls on Continental Shelf Oxidation Rates  
Continental Shelf NH4
+
 oxidation rates from the entire water column exhibited the 
most significant univariate, linear, negative relationship with salinity (Table 2.4, 
Appendix Figure C.5).  However, this relationship was heavily influenced by low 
salinities (10-25 ppt) in the Mediterranean Sea Rhone River plume (Feliatra & Bianchi 
1993).  Removing these low salinity points, ammonium oxidation rates do not exhibit a 
significant relationship with salinity (salinity 29-37ppt, p = 0.87, Appendix Figure C.6).  
Continental Shelf NH4
+
 oxidation rates at all depths exhibited a positive, linear 
relationship with substrate (NH4
+
) and product (NO2
-
) concentrations, and an exponential, 
negative relationship with dissolved oxygen (DO) (Table 2.4, Appendix Figures C.5, 
C.7).  NH4
+
 oxidation rates for all depths also exhibited significant, but non-predictive 
(R
2 
< 0.20) relationships with depth, temperature, and nitrate concentration, but no 
significant relationship with pH (Table 2.4, Appendix Figures C.5, C.7).  For Continental 
Shelf NH4
+
 oxidation rates from 0-100 m depth only, the environmental parameters 
which were significant and predictive closely mirrored the relationships observed for the 
water column as a whole (Table 2.4, Appendix Figures C.9, C.11).  However, NH4
+
 
oxidation rates over 100 m in the Continental Shelf region exhibited significant, 
predictive relationships with pH (based on an experimental manipulation, (Huesemann et 
al. 2002)), substrate (NH4
+
) concentration, and depth (Table 2.4, Appendix Figures C.13, 
C.15). 
 The most complete data set for multivariate regression analysis included 
Continental Shelf NH4
+
 oxidation rates from 9 studies (Hashimoto et al. 1983, Ward 
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1987, Ward & Kilpatrick 1991, Feliatra & Bianchi 1993, Bianchi et al. 1999a, Fussel et 
al. 2012, Grundle et al. 2013, Kalvelage et al. 2013, Heiss & Fulweiler, in review) for all 
depths, and for the 0-100 m range.  Depth, temperature, dissolved oxygen, and NH4
+ 
concentrations were included as environmental parameters for all depths and 0-100 m, 
and in both cases, depth alone was the most influential in situ condition controlling NH4
+
 
oxidation rates (Table 2.5).  Only 5 of these studies included NH4
+
 rates over 100 m 
depth (Hashimoto et al. 1983, Ward 1987, Ward & Kilpatrick 1991, Feliatra & Bianchi 
1993, Bianchi et al. 1999a, Fussel et al. 2012, Grundle et al. 2013, Kalvelage et al. 2013).  
Using these studies, the most important in situ condition influencing NH4
+
 oxidation rates 
was substrate (NH4
+
) concentration (Table 2.5). 
Continental Shelf NO2
-
 oxidation rates for all depths exhibited the most 
significant univariate, linear, negative relationship with salinity, which was again heavily 
influenced by low salinities in the Mediterranean Sea Rhone River plume (Feliatra & 
Bianchi 1993) (Table 2.4, Appendix Figure C.5).  Like NH4
+
 oxidation rates, removal of 
the low salinity values (10-25 ppt) also yielded an insignificant relationship between 
salinity and Continental Shelf NO2
-
 oxidation rates (Appendix Figure C.6).  NO2
-
 





) concentrations (Table 2.4, Appendix Figure C.11).   Continental Shelf 
NO2
-
 oxidation rates throughout the water column exhibited significant, but non-
predictive (R
2 
< 0.20) relationships with depth, temperature, dissolved oxygen, and 
nitrate, but no significant relationship with pH (Table 2.4, Appendix Figure C.9, C.11).  
NO2
-
 oxidation rates from 0-100 m on the Continental Shelf also closely mirrored the 
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relationships seen in the entire water column, however from 0-100 m NO2
-
 rates 
decreased with depth (Table 2.4, Appendix Figure C.9).  Over 100 m, the only significant 





 concentration (Table 2.4, Appendix Figure C.15).   
 The most complete data set for multivariate regression analysis included 
Continental Shelf NO2
-
 oxidation rates from 6 studies (Hashimoto et al. 1983, Ward 
1987, Ward & Kilpatrick 1991, Feliatra & Bianchi 1993, Bianchi et al. 1999a, Fussel et 
al. 2012, Grundle et al. 2013, Kalvelage et al. 2013, Heiss & Fulweiler, in review) for all 





concentrations were included as environmental parameters for all depths and 0-100 m.  





 concentrations were the most important in situ parameter, followed 
by depth (Table 2.5).  NO2
-
 concentration was included in the best-fitting model for all 
depths and 0-100 m, however in both cases NO2
-
 concentration itself was not statistically 
significant as a variable (Table 2.5).  Only 3 of these studies included NH4
+
 rates over 
100 m depth (Ward 1987, Fussel et al. 2012, Kalvelage et al. 2013).  Analysis of the data 
reported in these studies revealed that the most important in situ condition influencing 
NO2
-
 oxidation rates was NH4
+
 concentration alone (Table 2.5). 







 concentrations (Table 2.4, Appendix Figure C.7).  However, 
all of these relationships were heavily influenced by high rates (~1 µM d
-1
 or greater) 
measured in the surface waters of the coastal North Sea (Veuger et al. 2013).  Upon 
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removal of these high rates from the coastal North Sea, Continental Shelf Total oxidation 
rates did not exhibit a significant relationship with NH4
+
 (p = 0.39) or NO2
-
 (p = 0.28) 
concentration, but did still exhibit a significant, positive relationship with NO3
-
 (p < 
0.0001, R
2
 = 0.25) (Appendix Figure C.8).  Total oxidation rates also exhibited 
significant, but non-predictive relationships with depth and temperature for the entire 
water column, but non-significant trends with salinity, dissolved oxygen, and pH (Table 
2.4, Appendix Figure C.5).  Similarly, Total oxidation rates showed the same trends for 
0-100 m depth, however like NO2
-
 oxidation rates, total oxidation rates exhibited a 
significant, negative relationship with depth (Table 2.4, Appendix Figures C.9, C.10).  
Over100 m, the only significant and predictive relationship between total oxidation rates 
and an environmental parameter on the Continental Shelf region was product (NO3
-
) 
concentration (Table 2.4, Appendix Figure C.711). 
For Continental Shelf total oxidation rates, the most complete data set for 
multivariate regression analysis included 8 studies (Enoksson 1986, Diaz & Raimbault 
2000, Sutka et al. 2004, Beman et al. 2008b, Fernandez et al. 2009, Beman et al. 2012, 







 concentrations as environmental parameters for all depths, and for the 0-100 m 




 each negatively 
influenced the best-fitting model (Table 2.5).  Over 100 m, Continental Shelf total 
oxidation rates did not exhibit a statistically significant relationship with any 
environmental variables, though the insignificant (p=0.14) relationship with depth was 
the best-fitting (Table 2.5). 
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In Situ Environmental Controls on Open Ocean Rates  
Open Ocean NH4
+
 oxidation rates from the entire water column exhibited the 
most significant univariate, positive relationships with substrate (NH4
+
) and product 
(NO2
-
) concentrations (Table 2.6, Appendix Figure C.20).  NH4
+
 oxidation rates also 
exhibited significant, positive relationships with dissolved oxygen and nitrate (Table 2.6, 
Appendix Figures C.18, C.20).  Significant, but non-predictive (R
2 
< 0.20) relationships 
with depth, and salinity, but no significant relationship with temperature were observed 
(Table 2.6, Appendix Figure C.18).  Like the Continental Shelf region, the relationships 
between Open Ocean NH4
+
 oxidation rates from 0-100 m depths and environmental 
parameters closely mirrored the relationships observed for the water column as a whole 
(Table 2.6, Appendix Figures C.22, C.24).  Over 100 m, however, Open Ocean NH4
+
 
oxidation rates increased with temperature, but this relationship was based on only 7 data 
points (Table 2.6, Appendix Figure C.26).  The most predictive and significant 
relationship for NH4
+
 oxidation rates over 100 m was with substrate concentration (i.e. 
NH4
+
) (Table 2.6, Appendix Figure C.28). 
 The most complete data set for multivariate regression analysis included NH4
+
 
oxidation rates from 5 Open Ocean studies (Bianchi et al. 1997, Newell et al. 2011, 
Grundle et al. 2013, Kalvelage et al. 2013, Newell et al. 2013) for all depths, and for the 
0-100 m range.  Depth, temperature, dissolved oxygen, and NH4
+ 
concentrations were 
included as environmental parameters for both all depths and 0-100 m.  For the entire 
water column, NH4
+
 concentration alone best explained the oxidation rates, whereas 
Depth was also included (though statistically not significant, p = 0.14) from 0-100 m only 
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(Table 2.7).  For depths over 100 m, there were not enough data points and studies to fit a 
multivariate regression model for Open Ocean oxidation rates (Table 2.7).   
The only significant, predictive relationship between any in situ environmental 
parameter and Open Ocean NO2
-
 oxidation rates for the entire water column was a 
negative relationship with dissolved oxygen for oxic conditions (≥ 2mg L-1 dissolved 
oxygen) only (Table 2.6, Appendix Figure C.18).  However, this relationship between 
NO2
-
 oxidation rates and DO in oxic regions is based on data from one study in the 
Southern Ocean alone (Bianchi et al. 1997).  While this relationship may not be 
representative of Open Ocean NO2
-
 oxidation rates as a whole, these are the only values 
for oxic water columns with NO2
-
 oxidation rate measurements currently available.  NO2
-
 
oxidation rates were measured in anoxic waters (South Pacific oxygen minimum zone, 
(Kalvelage et al. 2013)), however there did not exist a significant relationship between 
NO2
-
 oxidation rates and dissolved oxygen in anoxic waters (Appendix Figure C.19).  
Open Ocean NO2
-
 oxidation rates exhibited significant, but non-predictive relationships 




 concentrations (Table 2.6, Appendix Figures 
C.18, C.20).  From 0-100 m depth, the significant relationship between NO2
-
 oxidation 
rates and dissolved oxygen remained the same, but surface NO2
-
 oxidation rates also 
exhibited positive relationships with substrate (NO2
-
) and substrate (NO3
-
) concentrations 
(Table 2.6, Appendix Figures C.22, C.24).  However, over 100 m depth, there were no 
significant and predictive relationships with any environmental parameters observed 
(Table 2.6, Appendix Figures C.26, C.28).   
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The most complete data set for multivariate regression analysis included NO2
-
 
oxidation rates from 4 Open Ocean studies (Dore & Karl 1996, Bianchi et al. 1997, Clark 
et al. 2008, Kalvelage et al. 2013) for all depths, and for the 0-100 m range.  For all 
depths, environmental parameters included in the stepwise multiple regression were 






 concentration.  Depth and NO3
-
 were 
the most important environmental parameters influencing Open Ocean NO2
-
 oxidation 
rates at all depths, followed by a marginal relationship with dissolved oxygen (Table 2.7).  






 concentrations were 
included in the multiple regression, but product (NO3
-
) concentration alone best described 
near-surface Open Ocean NO2
-
 oxidation rates (Table 2.7).   
 Open Ocean total oxidation rates exhibited no significant, predictive univariate 
relationships with in situ environmental parameters (Table 2.6, Appendix Figures C.18, 
C.20).  Over 100 m depth, total oxidation rates appear to be negatively related to 
dissolved oxygen concentration (Table 2.6, Appendix Figure C.26), but this relationship 
is based on only 10 data points from one study (Sutka et al. 2004).  Stepwise multivariate 
regression was only possible for all depths, as data points for 0-100 m and over 100 m 
separately did not have sufficient environmental parameters data to yield results.  Open 
Ocean total oxidation rates for all depths were included for only three studies (Sutka et al. 







 concentration data were available to use in stepwise regression.  The best fitting 
model for Open Ocean total oxidation rates included NO2
-
 concentration alone, however 





Oxidation Rate Distributions and Differences Across Locations 
Reported numbers of ammonium oxidation measurements were far greater than 
the number of measurements of nitrite oxidation.  In fact, 19 total studies [Estuary 
(McCarthy et al. 1984, Ward & Kilpatrick 1990, Kitidis et al. 2011), Continental Shelf 
(Miyazaki et al. 1973, Miyazaki et al. 1975, Ward et al. 1982, Hashimoto et al. 1983, 
Ward et al. 1984, Ward 1985, Ward & Zafiriou 1988, Ward & Kilpatrick 1991, 
Huesemann et al. 2002, Ward 2005, Kitidis et al. 2011, Mackey et al. 2011, Grundle et al. 
2013), Open Ocean (Miyazaki et al. 1975, Olson 1981, McCarthy et al. 1999, Newell et 
al. 2011, Grundle et al. 2013, Newell et al. 2013)] reported ammonium oxidation alone, 
while no studies measured only nitrite oxidation.  Only 17 studies across all marine 
ecosystems measured rates of both ammonium and nitrite oxidation separately (Olson 
1981, Ward 1987, Horrigan et al. 1990, Lipschultz et al. 1990, Ward & Kilpatrick 1991, 
Feliatra & Bianchi 1993, Bianchi et al. 1994, Dore & Karl 1996, Bianchi et al. 1997, 
Bianchi et al. 1999a, Bianchi et al. 1999b, Clark et al. 2007, 2008, Grundle & Juniper 
2011, Fussel et al. 2012, Kalvelage et al. 2013, Heiss & Fulweiler, in review).  These 
studies covered a wide geographic and ecosystem range including the Chesapeake Bay, 
Narragansett Bay, the Mediterranean Sea, the Black Sea, the Southern Ocean, and the 
Eastern Pacific, among many more.    
Ammonium oxidation rates may be more prevalent than nitrite oxidation rates 
because ammonium oxidation has classically been considered rate-limiting, as it provides 
the substrate for nitrite oxidation.  However, we now know that ammonium oxidation is 
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not the only source of nitrite in the marine environment.  Nitrite can be readily available 
for oxidation via incomplete nitrate assimilation by phytoplankton (Lomas & Lipschultz 
2006, Mackey et al. 2011), dark release from phytoplankton (Collos 1998, Grundle & 
Juniper 2011), and from dissimilatory nitrate reduction to ammonia occurring within 
sediments (Kelso et al. 1997).  Thus, in many areas, nitrite oxidizers may not only rely on 
ammonium oxidizers alone for substrate.  In fact, recent work in Narragansett Bay has 
shown that ammonium oxidation provides only up to 60% of the nitrite needed to support 
observed nitrite oxidation rates (Heiss & Fulweiler, in review).  Further, Heiss & 
Fulweiler (in review) also showed that Narragansett Bay sediments are a crucial source of 
substrate, providing over 9 times the amount of nitrite needed to support water column 
nitrite oxidation rates.    
 While nitrite oxidation rates were lacking across all regions, total oxidation rates 
measuring the net result of both ammonium and nitrite oxidation rates were more 
commonly reported.  Measurements of total oxidation rates were evenly distributed 
across location, with approximately 250 rates in each Estuary, Continental Shelf, and 
Open Ocean environments (Figure 2.1).  However, measurements of ammonium 
oxidation rates alone were still more prevalent than total oxidation rates in all regions 
(Figure 2.1).     
 The rates of ammonium, nitrite, and total oxidation were significantly different 
among marine ecosystems.  Rates of all oxidation rates processes were highest in the 
Estuary region, decreased in the Continental Shelf, and were lowest in the Open Ocean 
(Figure 2.2).  This trend of oxidation rates decreasing with distance from shore can likely 
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be explained by nutrient availability.  In each of the marine environment types (Estuary, 
Continental Shelf, and the Open Ocean), we observed a trend of both ammonium and 
nitrite oxidation rates increasing with substrate concentration (Tables 2.1, 2.3, 2.5, 
Appendix Figures C.3, C.7, C.20).  As anthropogenic nutrient loads are often delivered 
via river runoff and coastal regions experience the most pronounced impacts of excess 
nitrogen loading (Galloway et al. 2003), it is perhaps not surprising that rates of nitrogen 
oxidation are highest in these regions, and decrease in more oligotrophic offshore waters.  
Several studies of water column oxidation rates support this hypothesis, and directly 
report higher oxidation rates with increased substrate concentrations (Berounsky & Nixon 
1993, Bianchi et al. 1994, Bianchi et al. 1999a, Grundle & Juniper 2011) 
 In both Continental Shelf and Open Ocean regions, ammonium, nitrite, and total 
oxidation rates were significantly higher in near-surface waters (0-100 m) than at depth 
(>100 m) (Figures 2.4 and 2.5).  At first glance, this finding of increased ammonium and 
nitrite oxidation in the upper water column appears to contradict the long-standing 
paradigm that nitrification occurs in deeper waters (Ward et al. 1982, Ward et al. 1984, 
Ward 1985, Ward 2008) due to light inhibition (Ward 1985, Horrigan & Springer 1990, 
Guerrero & Jones 1996).  However, ammonium oxidation does in fact often occur within 
the photic zone and can support a large portion of oceanic “new production” (Wankel et 
al. 2007, Yool et al. 2007, Grundle et al. 2013).  Using nitrate isotopic signatures in 
Monterey Bay, Wankel et al (2007) estimated that an average of 15-27% of nitrate-based 
primary productivity could be supported by photic zone ammonium oxidation.   
However, Yool et al (2007) used directly-measured ammonium oxidation rates from 9 
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studies around the globe and predicted that approximately 50% of the nitrate consumed 
by phytoplankton could be attributed to ammonium oxidation within surface waters.  This 
estimate was confirmed by a recent study in the Northeast Subarctic Pacific by Grundle et 
al (2013), which reported that on average 53% (range 3-100%) of phytoplankton nitrate 
demands were supported by ammonium oxidation within the photic zone.  This analysis 
illustrates that nitrite oxidation also occurs within the photic zone, and that rates are 
higher in surface waters (0-100 m) than at depth from marine systems across the globe.  
Especially in Continental Shelf regions, nitrite oxidizers can thrive with highest rates in 
surface waters (Figure 2.4B), and Open Ocean rates exhibit highest rates from 50-100 m.  
This indicates that not only is ammonium oxidation important for oceanic new 
production, but nitrite oxidation also plays a crucial role in supporting primary 
production within the upper water column.   
 
Methodological Differences in Oxidation Rates 
Across all regions, the 
15
N tracer method was the most commonly used method to 
measure both ammonium and nitrite oxidation rates.  This method has the benefit of 
being able to measure low rates of oxidation, and with the increased sensitivity of mass 
spectrometers, very little tracer is needed so that the in situ substrate concentrations are 
not fundamentally altered (Lipschultz 2008).  
15
N tracers yielded higher ammonium and 
oxidation rates in Estuary regions than chemical assays, but did not yield higher rates of 
oxidation in Continental Shelf or Open Ocean areas (Figure 2.6).  However, chemical 
assay measurements of ammonium and nitrite oxidation rates may be altered by quick 
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turnover of dissolved inorganic nitrogen pools in highly productive waters, or the 
incomplete inhibition of specific microbial groups by specific inhibitors (e.g. N-serve, 
ATU) (Jantti et al. 2013).   
However, using 
15
N tracers to measure ammonium and nitrite oxidation rates is 
not without challenges, as there are inconsistencies in how 
15
N tracer results are 
calculated.  For example, some studies explicitly report that oxidation rates are corrected 
for initial dilution of the in situ substrate pool with tracer addition (Carini & Joye 2008, 
Beman et al. 2011, Heiss & Fulweiler, in review).  This correction term accounts for the 
fact that measuring simply the 
15
N-labeled product only accounts for a portion of total 
substrate oxidized, as 
14
N product is also formed from any in situ 
14
N substrate.  
However, many studies using 
15
N tracer methods do not report any tracer pool dilution 
correction, which can result in an underestimation of oxidation rates.  Additionally, many 
studies define ammonium oxidation rates as measuring the 
15







 tracer is added (Miyazaki et al. 1973, Miyazaki et al. 1975, Olson 
1981, Ward et al. 1982, Hashimoto et al. 1983, McCarthy et al. 1984, Ward et al. 1984, 
Ward 1985, 1987, Ward & Zafiriou 1988, Horrigan et al. 1990, Lipschultz et al. 1990, 
Ward & Kilpatrick 1990, 1991, McCarthy et al. 1999, Ward 2005, Mackey et al. 2011, 
Newell et al. 2011, Fussel et al. 2012, Kalvelage et al. 2013, Newell et al. 2013, Heiss & 
Fulweiler, in review).  However, several other studies define ammonium oxidation rates 
as the 
15




 tracer is added (Diaz & Raimbault 
2000, Fernandez & Raimbault 2007, Beman et al. 2008a, Fernandez et al. 2009, Santoro 
et al. 2010, Beman et al. 2011, Beman et al. 2012, Hietanen et al. 2012, Beman et al. 
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2013, Horak et al. 2013, Veuger et al. 2013).  Measuring “ammonium oxidation” rates 
with 
15
N tracers in two different ways (i.e. one measuring just the NO2
-
, and the other in 
reality total oxidation) may also lead to discrepancies among rates.   
 The method of 
14
C-bicarbonate incorporation is not currently used very often, but 
it was the preferred technique for estuarine studies in previous decades (Berounsky & 
Nixon 1990, 1993, Iriarte et al. 1997, Iriarte et al. 1998).  
14
C bicarbonate incorporation 
yielded higher overall rates of total oxidation in Estuary and Open Ocean regions (Figure 
2.6).  However, these higher rates may be an artifact of the method itself, as it relies on 
using carbon assimilation to calculate nitrogen oxidation rates (Billen 1976, Somville 
1978).  The ratio of 5.95 N:C (nitrogen atoms oxidized per carbon atom assimilated) 
obtained from estuarine ammonium oxidizers is often used in these calculation (Owens 
1986, Berounsky & Nixon 1990, 1993, Iriarte et al. 1997, Iriarte et al. 1998).  However, 
the ratio of nitrogen oxidized to carbon assimilated is not consistent across all oxidizing 
organisms, and has been shown to vary by a factor of 5 in cultures (Billen 1976, Glover 
1985).  In fact, the ratio of N:C incorporated among ammonium and nitrite oxidizing 
organisms has also been shown to vary in natural assemblages from the Northwest 
Mediterranean Sea, with the N:C ranging between 14.3 to 12.3 for ammonium oxidizers, 
and 30.2 to 29.0 for nitrite oxidizers (Feliatra & Bianchi 1993).  Thus, using an assumed 
ratio of nitrogen oxidized to carbon incorporated for the nitrifying community as a whole 
may cause large over- or underestimates in calculating oxidation rates.   
 Although significant differences were observed, we were not able to take into 
account method type when investigating how in situ environmental conditions may 
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regulate oxidation rates for this analysis.  Given the spread of in situ conditions reported 
along with ammonium, nitrite, and total oxidation rates, sufficient data was not available 
to separate studies by method in addition to region when investigating environmental 
controls.  We did, however, consider method when evaluating nitrite oxidation in relation 
to ammonium oxidation rates.  When both ammonium and nitrite oxidation rates were 
measured concurrently, rates did not exhibit a clear pattern related to method, as detailed 
below.  However, in future investigations as more data become available, it may be 
possible to determine whether method differences play a role in determining which 
environmental condition is dominant in regulating oxidation rates.  Given the information 
currently available, we cannot definitively say if methods significantly influence which in 
situ conditions are most important in regulating ammonium, nitrite, or total oxidation 
rates.   
 
Ammonium vs. Nitrite Oxidation 
When ammonium and nitrite oxidation rates are measured concurrently, 
ammonium oxidation rates are positively, significantly related to nitrite oxidation rates 
(Figure 2.8).  Across Estuary, Continental Shelf, and Open Ocean regions, the slope of 
the significant, linear regression line below 1 indicates that overall, ammonium oxidation 
rates outpace nitrite oxidation.  However, in all regions, there are several instances where 
ammonium vs. nitrite oxidation rates plot above the 1:1 line (Figure 2.8), indicating that 
at times, nitrite oxidation does outpace ammonium oxidation.  As discussed in detail 
below, the occurrence of nitrite oxidation outpacing ammonium oxidation rates do not 
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appear to be grouped by method, a particular region, dissolved oxygen concentration, or 
overall oxidation rate alone.  Instead, we suggest that nitrite oxidation rates may outpace 
ammonium oxidation rates when sources of nitrite besides ammonium oxidation (e.g. 
sediment efflux, phytoplankton release, etc.) are available.   
In Estuary regions, the highest ammonium and nitrite oxidation rates were 
observed in the Chesapeake Bay (Horrigan et al. 1990) and the Rhone River Estuary 
(Bianchi et al. 1994).  In both of these studies with high ammonium and nitrite oxidation 
rates, the majority of points plotted below the 1:1 line, indicating overall higher 
ammonium oxidation rates (Figure 2.8A).  However, in two other studies with generally 
lower rates, one in Saanich Inlet, British Columbia (Grundle & Juniper 2011) and one in 
Rhode Island (Heiss & Fulweiler, in review), the majority of points plotted well above 
the 1:1, indicating that nitrite oxidation rates outpaced ammonium oxidation rates (Figure 
2.8A).  For the 2 studies where ammonium oxidation rates dominated and the 2 studies 
where nitrite oxidation rates dominated, one study in each case measured rates using 
15
N 
tracers, and the other chemical assay methods.  Additionally, the Chesapeake Bay and 
Rhode Island studies are the closest geographically, and did not follow the same trend 
with one oxidation rate dominating over the other.  Thus, in Estuary regions, ammonium 
oxidation and nitrite oxidation rates do not outpace each other based on region or method 
alone.  Instead, other environmental factors in estuaries, such sediment efflux of nitrite 
(Heiss & Fulweiler, in review), must be controlling these rates.  
In the Continental Shelf region, again several different study regions plot above or 
below the 1:1 line, indicating that either ammonium or nitrite oxidation rates outpace 
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each other (Figure 2.8B).  Similar to the Estuary region, the highest rates here are in the 
Northwest Mediterranean near the Rhone River Plume, plot below the 1:1 line, and were 
measured using chemical assay (Feliatra & Bianchi 1993, Bianchi et al. 1999a).  While 
the number of reported instances when ammonium oxidation outpaces nitrite oxidation is 
greater than the instances where nitrite oxidation rates dominate, the oceanographic area 
where ammonium oxidation thrives appears to be limited to the Mediterranean Sea 
(Feliatra & Bianchi 1993, Bianchi et al. 1999a, Bianchi et al. 1999b).  However, several 
other studies from regions including the Eastern Tropical South Pacific (Lipschultz et al. 
1990, Kalvelage et al. 2013), the Namibian oxygen minimum zone (Fussel et al. 2012), 
the Southern California Bight and coastal zone (Olson 1981, Ward 1987), and Northwest 
Atlantic (Heiss & Fulweiler, in review) exhibited rates that plotted well above the 1:1 
line, indicating nitrite oxidation rates higher than ammonium oxidation (Figure 2.8B).  
These studies with nitrite oxidation rates used a variety of methods, and spanned across 
well-oxygenated to oxygen-deficient waters.  Additionally, the occurrence of nitrite 
oxidation rates outpacing ammonium oxidation rates in Continental Shelf regions 
occurred both near the surface (0-100 m) and at depth (Appendix Figure C.17).  Thus, in 
Continental Shelf areas, it is possible that nitrite oxidation rates may in fact outpace 
ammonium oxidation rates on a global scale.  However, the sheer number directly-
measured oxidation rates concentrated in limited region (Mediterranean Sea) where 
ammonium oxidation rates outpace nitrite oxidation rates may potentially be driving the 
linear regression line values less than 1 that we observe.   
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Only 4 studies from the Open Ocean region reported concurrently measured 
ammonium and nitrite oxidation rates.  Measurements have been reported from the Indian 
sector of the Southern Ocean (Bianchi et al. 1997), the oligotrophic North Atlantic (Clark 
et al. 2008), the South Pacific oxygen minimum zone (Kalvelage et al. 2013), and in the 
Central Pacific near station ALOHA (Dore & Karl 1996).  These studies used a variety of 




N tracer, and 
15
N dilution 
methods.  In the Southern Ocean (Bianchi et al. 1997) and at station ALOHA (Dore & 
Karl 1996), most ammonium oxidation rates outpaced nitrite oxidation rates (Figure 
2.8C).  However, in the North Atlantic oligotrophic region (Clark et al. 2008) and in the 
South Pacific oxygen minimum zone (Kalvelage et al. 2013), nitrite oxidation rates 
outpaced ammonium oxidation rates for most measurements.  Overall, nitrite oxidation 
rates outpaced ammonium oxidation rates more often at depths over 100m, as shown in 
Appendix C (Figure C.30).  Thus, while overall rates of nitrite oxidation are greater near 
the surface in Open Ocean regions, nitrite oxidation may thrive in comparison to 
ammonium oxidation at depths over 100 m.  This indicates that nitrite sources, including 
the primary nitrite maximum found ~100 m (Bianchi et al. 1997, Newell et al. 2011, 
Newell et al. 2013), may be providing ample substrate for nitrite oxidation rates to 
outpace ammonium oxidizers in deep ocean waters.  If this nitrate formed by nitrite 
oxidizers in ocean waters over 100 m is then subsequently upwelled, water column nitrite 
oxidation at depth in nutrient-depleted areas such as the South Pacific oxygen minimum 
zone and the oligotrophic North Atlantic may potentially play a role in surface primary 
productivity.   
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Instances of nitrite oxidation outpacing ammonium oxidation across all marine 
ecosystem regions and across methods indicates that sources of nitrite besides ammonium 
oxidation are in fact important in marine systems.  The slope of the linear relationship 
between ammonium and nitrite oxidation rates increases from Estuary (slope = 0.56, 
Figure 2.8A) to Continental Shelf (slope = 0.69, Figure 2.8B) to Open Ocean regions 
(slope = 0.76, Figure 2.8C). This increase in nitrite oxidation in relation to ammonium 
oxidation with distance from shore may indicate that the two oxidation processes are 
more tightly coupled offshore.  Additionally, this trend could also be a result of higher 
ammonium oxidation rates in coastal regions.  Not only are coastal zones closer to 
anthropogenic inputs of excess nitrogen, but higher rates of ammonium oxidation closer 
to shore may be due to the diverse microbial community found in estuaries.  Both 
ammonium oxidizing bacterial and archaeal communities are known to shift along 
salinity gradients, and highest rates of ammonium oxidation have been reported at 
intermediate salinities and where archaea dominate the community (Bernhard et al. 2007, 
Bernhard et al. 2010, Wankel et al. 2011).  
 
Missing Pieces of the In Situ Environmental Controls Puzzle  
 The environmental variables concurrently measured when ammonium, nitrite, or 
total oxidation rates are measured include depth, incubation temperature, salinity, 
dissolved oxygen, pH, and dissolved inorganic nitrogen concentration.  However, the 
frequency with which these environmental conditions are reported is not consistent across 
oxidation rate type or environmental region.  Across Estuary, Continental Shelf, and 
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Open Ocean areas, the most frequently reported environmental parameters displayed in 







concentrations.  While temperature, salinity, and dissolved oxygen are standard 
oceanographic measurements, these values are often not directly reported in published 
literature.  For example, only 49% of Estuary ammonium oxidation rates were reported 
with an incubation temperature, 47% with salinity, and 35% with dissolved oxygen, 
compared to the 83% of Estuary ammonium oxidation rates reported with depth, 91% of 
NH4
+
 concentration (Table 2.2, C.1).  On the Continental Shelf, only 62% of 
temperatures, 25% of salinities, and 9% of dissolved oxygen concentration were available 
for ammonium oxidation rates (Table 2.4, C.1).  The trend of missing environmental 
parameters also holds true in the Open Ocean, with only 34% of temperatures, 22% of 
salinities, and 13% of dissolved oxygen data reported with ammonium oxidation rates 
(Table 2.6, C.1).   
 The lack of a complete environmental variable data set for comparison with 
ammonium and nitrite oxidation rates across marine environments makes untangling the 
conditions which regulate these biogeochemical processes difficult.  However, 
understanding how ammonium and nitrite oxidation rates respond to in situ 
environmental conditions is particularly crucial if we are to predict how the marine 
nitrogen cycle may be altered with continued climate change.  For example, as seawater 
temperatures continue to rise, we may predict based on laboratory studies of ammonium 
oxidizing bacteria and their relationship to increasing temperature, that oxidation rates 
may increase (Carlucci & Strickland 1968, Jones & Hood 1980).  In natural assemblages, 
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Berounsky and Nixon (1990) also found that water column total oxidation rates were 
highly responsive to temperature, and they reported Q10s of 17.6 and 6.8 for the 
Providence River Estuary and lower Narragansett Bay sites, respectively.  However, our 
current analysis illustrates that we currently lack the in situ temperature data to determine 
if ammonium or nitrite oxidation rates will respond to changes in temperature, or if 
perhaps organisms in the natural environment will gradually acclimate to rising 
temperatures.   
 The environmental parameter that was most often missing from peer reviewed 
literature for ammonium, nitrite, and total oxidation rates was pH.  pH was only reported 
for 9-12% of Estuary oxidation rates (Table 2.2, C.1), 2-6% of Continental Shelf rates 
(Table 2.4, C.1),  and 0-5% of Open Ocean oxidation rates (Table 2.6, C.1).  When pH 
values are reported, they are often associated with laboratory pH and CO2 manipulations 
of seawater collected at an Estuary (Kitidis et al. 2011), Continental Shelf (Huesemann et 
al. 2002, Kitidis et al. 2011), or Open Ocean (Beman et al. 2011) location.  These studies 
all investigated the influence of pH and CO2 on ammonium oxidation rates, and reported 
that ammonium oxidation rates decrease under acidic conditions (Huesemann et al. 2002, 
Beman et al. 2011, Kitidis et al. 2011).   
 Based on these limited pH manipulations, the current hypothesis is that overall 
marine nitrification rates will decrease as ocean acidification continues.  However, when 
we combined the pH and ammonium oxidation rate values from all of these studies 
encompassing various regions, we did not observe a significant trend between water 
column oxidation rates and pH (Appendix Figures C.1, C.5, C.18).  Additionally, a 
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significant relationship between ammonium oxidation rate and in situ pH was not 
observed in a recent study in the Rhode Island coastal region (Heiss & Fulweiler, in 
review).  The lack of significant relationships between ammonium oxidation rates and pH 
may result from the ammonium oxidizing community structure.  Ammonium-oxidizing 
archaea can thrive at low pH, and have been documented in natural environments with 
pH ranging from 2.5-9 (Erguder et al. 2009).  In soils with pH 4.9-7.5, archaeal 
ammonium oxidizing genes (amoA) were highest under acidic conditions, while bacterial 
amoA abundance increased at higher pH (Nicol et al. 2008).  Recently, experiments have 
shown that marine ammonium oxidizing archaea do not respond to shifts in seawater pH, 
while bacterial communities are fundamentally altered (Bowen et al. 2013).  As archaea 
dominate the ammonium oxidizing community in marine water columns (Wuchter et al. 
2007), this insensitivity of archaea to pH may be why relationships between global 
ammonium oxidation and pH are not observed in this analysis.   
Currently, the only reports of in situ pH and concurrent nitrite oxidation rates are 
found in Narragansett Bay and offshore Rhode Island (Heiss & Fulweiler, in review).  In 
this Rhode Island study area, Heiss & Fulweiler (in review) report that water column 
nitrite oxidation rates increase when seawater exhibits a more acidic pH.  Additionally, in 
situ pH and total oxidation rates from over 30 years ago were reported for the same 
Narragansett Bay region (Berounksy 1990, Berounsky & Nixon 1990, 1993, Fulweiler et 
al. 2011).  The same trend of increased oxidation rates under low pH was also observed 
for historical total oxidation rates measured there (Fulweiler et al. 2011).  Thus, we 
suggest that the current hypothesis of how “nitrification” as a whole may change with pH 
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needs re-evaluation, and future studies examining the individual responses of how 
ammonium and nitrite oxidation rates respond to in situ pH are needed.   
 
Influence of Environmental Controls Vary Among Oxidation Rate Type and Location 
 Due to the inconsistency of environmental parameters reported for across Estuary, 
Continental Shelf, and Open Ocean regions, it was not possible to include every 
parameter (depth, temperature, salinity, dissolved oxygen, pH, and DIN concentrations) 
in a stepwise regression to determine which in situ conditions most heavily impacted 
ammonium, nitrite, or total oxidation rates per each region.  However, we compiled the 
most complete data set with the most environmental parameters and ammonium, nitrite, 
and total oxidation rates for each location.  In all regions, in situ environmental 
conditions which were most influential in regulating ammonium oxidation rates were not 
the same as the in situ conditions which influenced nitrite oxidation rates (Figure 2.9).  
Additionally, the conditions which influenced ammonium and nitrite oxidation rates were 
different among Estuary, Continental Shelf, and Open Ocean regions (Figure 2.9).   
Estuary ammonium oxidation rates were most strongly influenced and increased 
with substrate (NH4
+
)  and product (NO2
-
) concentration and decreased with salinity 
(Table 2.3, Figure 2.9).  These relationships between salinity and substrate were 
consistent with the most predictive univariate relationships (Table 2.2, Appendix Figure 
C.1), however product concentration became most important when considering the 
combined effects of depth, salinity, and dissolved inorganic nitrogen.  The positive 
relationship with product (NO2
-
) and substrate (NH4
+
) has been observed in many coastal 
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systems before (Berounsky & Nixon 1993, Bianchi et al. 1994, Bianchi et al. 1999a).  
The negative relationship with salinity has also been reported in several estuaries 
(Somville 1984, Bianchi et al. 1999a), as fresher waters are both closer to anthropogenic 
sources of substrate and the mixing of salt and fresh water and release substrate 
previously bound to sediments.  Additionally, ammonium oxidizing communities have 
been shown to be very diverse in estuarine systems (Bernhard et al. 2007, Bernhard et al. 
2010, Wankel et al. 2011), and this community diversity may also be contributing to high 
ammonium oxidation rates along salinity gradients.   
 However, Estuary nitrite oxidation rates were most influenced by increases in 
substrate (NO2
-
) concentrations (Table 2.3, Figure 2.9), which has recently been 
documented in Saanich Inlet (Grundle & Juniper 2011).  This relationship further 
supports the importance of NO2
-
 sources in marine systems.  In many cases, ammonium 
oxidation rates may supply the NO2
-
 needed for subsequent oxidation rates (Figure 2.8A).  
However other sources of nitrite, specifically sediment nitrite efflux, are able to supply 
enough substrate to support and exceed measured nitrite oxidation rates in coastal 
systems (Heiss & Fulweiler, in review).  Like ammonium oxidation, Estuary nitrite 
oxidation rates also increased with product (NO3
-
) concentration.  However, unlike their 
ammonium oxidation rate counterparts, nitrite oxidation rates here did not exhibit a 
significant relationship with salinity (despite the highly predictive univariate regression 
(Table 2.2, Appendix Figure C.1)), and instead a marginally significant decrease in nitrite 
oxidation rates with depth was observed (Table 2.3, Figure 2.9).  These findings indicate 
that in Estuary regions worldwide, ammonium and nitrite oxidation rates are clearly 
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regulated by different in situ environmental controls.  This is consistent with recent 
findings from coastal Rhode Island that ammonium and nitrite oxidation rates respond in 
dissimilar ways to in situ conditions, and are ultimately regulated by different 
environmental parameters (Heiss & Fulweiler, in review).    
 Within the Continental Shelf zone, ammonium oxidation rates were most heavily 
influenced by depth alone (Table 2.4, Figure 2.9).  However, instead of rates increasing 
with depth which could indicate light inhibition of ammonium oxidation (Ward et al. 
1984, Ward 1985, Horrigan & Springer 1990, Guerrero & Jones 1996), ammonium 
oxidation rates decreased with depth throughout the entire water column.  This trend of 
ammonium oxidation rates decreasing with depth supports the fact that ammonium 
oxidizers can outcompete phytoplankton for nutrients and thrive in the photic zone 
(Martens-Habbena et al. 2009).  The fact that ammonium oxidation rates also decrease 
with depth even within the 0-100 m zone indicates that ammonium oxidizers play a large 
role in contributing to the available oxidized nitrogen pool to support new production 
within the photic zone (Yool et al. 2007, Grundle et al. 2013).     
 However, Continental Shelf nitrite oxidation rates were first regulated by 
increases in ammonium concentrations, and then decreased with depth, and exhibited an 
insignificant relationship with substrate (NO2
-
) for both all depths and the 0-100 m zone 
(Table 2.4, Figure 2.9).  This increasing trend with ammonium concentration suggests 
that nitrite oxidation rates in Continental Shelf regions, may thrive off of the nitrite 
formed by ammonium oxidation, which is consistent with the finding that nitrite 
oxidation may be more tightly coupled to ammonium oxidation offshore as evidenced by 
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increasing slopes when the two processes are plotted against each other (Figure 2.8).  
This is supported by the decreasing trend with depth as observed in ammonium oxidation 
rates in the same regions.  Thus, we suggest that nitrite oxidation in the upper 100 m of 
the Continental Shelf water column may also play a role in supporting “new production,” 
much like ammonium oxidation was recently shown to do (Yool et al. 2007, Grundle et 
al. 2013).   
 However, over 100 m depth, both Continental Shelf ammonium and nitrite 
oxidation rates increase with ammonium concentration.  This relationship with substrate 
may be due to the fact that ammonium and nitrite oxidizing organisms are no longer in 
competition with phytoplankton for nutrients below the photic zone.  Additionally, 
Continental Shelf NH4
+
 oxidation rates may increase with substrate concentration at 
depth as a result of increase NH4
+
 supply from sediment release or organic matter 
decomposition below the photic zone.  The relationship between deep nitrite oxidation 
rates and ammonium indicate that the nitrite formed by ammonium oxidation may be 
quickly consumed by nitrite oxidation, and nitrite does not accumulate at depths to fuel 
further oxidation.   
 Open Ocean ammonium oxidation rates for the entire water column indicated an 
increase with substrate concentration alone, however for the 0-100 m zone, ammonium 
oxidation rates may have increased slightly with depth.  Thus, substrate is the overall 
driver regulating Open Ocean ammonium oxidation rates, especially as many of these 
rates were measured in nutrient-deplete areas.  Additionally, the ammonium oxidizing 
community in Open Ocean regions may be under increased competition for these scare 
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nutrients with phytoplankton in these regions, and unlike the Continental Shelf region 
rates increase slightly with depth towards the base of the photic zone.   
 Open Ocean nitrite oxidation rates decreased with depth, increased with product 
(NO3
-
) concentration, and marginally decreased with dissolved oxygen throughout the 
entire water column.  This indicates that these organisms may be relying on the 
ammonium oxidized near the surface waters, or perhaps they thrive on incomplete 
phytoplankton assimilation of nitrate or release of nitrite, and then are nitrogen-limited in 
oxygen-deplete deeper waters.  However, these results may be heavily influenced by the 
few rates of nitrite oxidation at depth in oxygen minimum zones, as near-surface 0-100 m 
nitrite oxidation rates only show a relationship with product (NO3
-
) concentration alone.  
Thus, with product concentration alone being the most influential environmental 
parameter predicting Open Ocean surface nitrite oxidation rates, we cannot definitely 
determine the overall environmental driver for this process at this time.      
Across Estuary, Continental Shelf, and Open Ocean regions, total oxidation rates 
did not respond in the same manner as either ammonium or nitrite oxidation rates to in 
situ environmental conditions (Figure 2.9).  Estuary total oxidation rates were not 
significantly related to salinity, substrate, or product concentration, but instead a 
relationship with temperature was observed.  In Continental Shelf water columns, 
dissolved oxygen appeared to be most influential in regulating total oxidation rates, when 
dissolved oxygen was not a significant driver of either ammonium or nitrite oxidation 
rates alone.  In the Open Ocean region, the best-fitting relationship between any 
environmental variable and total oxidation rates was NO2
-
 concentration, however this 
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relationship was not statistically significant (Tables 2.7, Appendix Figure C.20).  Thus, 
no environmental variables were able to predict rates of Open Ocean total oxidation, 
where as rates of ammonium and nitrite oxidation individually in this region were 
described by other factors.  The fact that total oxidation rates do not respond in similar 
manners to ammonium or nitrite oxidation rates highlights the need to consistently 
separate “nitrification” into the two distinct oxidation processes.  Ammonium oxidation 
and nitrite oxidation rates respond to different in situ environmental conditions, and thus 
measuring a combined rate of these different processes results in muddled relationships 
between nitrogen cycling and in situ environmental controls.   
 
Conclusion 
 Ammonium and nitrite oxidation rates change significantly across marine 
ecosystems, and generally decrease from estuaries to the open ocean.  Along this gradient 
from shore, ammonium and nitrite oxidation rates were often significantly different from 
overall total “nitrification rates.”  More importantly, in situ environmental conditions 
which impact rates of ammonium oxidation are not the same as the environmental 
parameters which regulate nitrite oxidation.  Additionally, the environmental conditions 
which control rates of ammonium and nitrite oxidation rates in regions close to shore are 
not the same as in situ conditions which are most important in regulating ammonium 
oxidation rates near the continental shelf break or in the open ocean.  Thus, by 
considering ammonium and nitrite oxidation rates across oceanic ecosystems as “marine 
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nitrification,” we are missing the true picture of what factors ultimately regulate two 
distinct processes in varying areas.   
 As we move away from “nitrification,” and towards understanding ammonium 
and nitrite oxidation rates and their environmental controls separately, there are two key 
ideas to keep in mind.  First, keeping methods and the way in which we measure 
ammonium and nitrite oxidation rates separately is important, as we have shown that 
different methods can yield statistically different rates even within the same ecosystem 
and oxidation rate type.  Second, measuring and reporting all in situ conditions along 
with ammonium and nitrite oxidation rates is crucial.  In order to understand the impact 
of continued warming on ocean ammonium and nitrite oxidation rates, long-term records 
of oxidation rates and concurrently measured temperature need to be reported together.  
Similarly, as the effects of ocean acidification on the marine nitrogen cycle continue to be 
debated, in situ pH measurements will be invaluable tools to assess how ammonium and 
nitrite oxidation rates are changing.  More concurrent measurements of ammonium and 
nitrite oxidation rates with in situ environmental parameters will allow us to build more 
predictive models and move towards understanding how the global nitrogen cycle may 
change under future conditions.   
 This analysis has highlighted that marine water column ammonium and nitrite 
oxidation rates respond to different in situ environmental parameters.  Therefore, as these 
conditions (e.g.. temperature, pH, nutrient loading) continue to be altered as a result of 
anthropogenic activities, we may observe a more pronounced difference between 





 deposition in Continental Shelf areas may increase overall 
NO2
-
 oxidation rates, as was have shown that NH4
+
 is the most influential in situ driver of 
NO2
-
 oxidation.  Thus, we may potentially observe an increased decoupling of 
ammonium and nitrite oxidation in the marine environment as these processes respond in 
dissimilar ways to shifts of in situ environmental conditions.  It is crucial to continue to 
evaluate changes in ammonium and nitrite oxidation rates not only with respect to 
environmental conditions, but also with respect to each other.  Both ammonium and 
nitrite oxidation are important links in the global nitrogen cycle, and changes in either 
process have the potential to fundamentally alter nitrogen and carbon cycling and thus 
marine ecosystems as a whole.   
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Table 2.1.  List of search terms 
List of search terms used to locate previously published, peer reviewed studies of marine 




Ammonia oxidation sea 
Ammonia oxidation seawater
Ammonium oxidation marine

















Water column nitrogen cycling
Water column nitrogen oxidation
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Table 2.2.  Estuary water column oxidation rate univariate regressions 
Details of univariate regressions for water column Estuary ammonium oxidation (NH4
+
 
Ox), nitrite oxidation (NO2
-
 Ox), and total oxidation (Total Ox.) rates, transformed as 
Log(oxidation Rate +1) (all in units of µM d
-1
).  All oxidation rates were log-transformed 
as they were not normally distributed and exhibited a large range.  The total number of 
data points collected for each oxidation rate type is listed (Total n), however oxidation 
rates were not always accompanied by all environmental variables when published.  Log-
transformed rates were plotted against environmental variables including: Depth, 





]), and nitrate ([NO3
-
]).  The correlation coefficient 
(R
2
), p-value, slope, and number of data points (n) for each best-fitting regression are 
given.  The best-fitting regression was determined as the regression which included as 
many oxidation rates accompanied by relevant environmental data as possible to yield a 
statistically significant and predictive relationship; all other regressions are available in 
Appendix C.  Regressions which are statistically significant (p ≤ 0.05) and predictive (R2 
≥ 0.20) are shown in bold.  Regressions which are significant (p ≤ 0.05) but not 
predictive (R
2 
< 0.20) are shown in regular font.  Non-significant regressions are shown 
in italics.  All regressions are linear, unless marked with an asterisk (*), which denotes an 














 Ox      
(µM d-1)
Total Ox      
(µM d-1)
Total n 155 89 322
 Depth (m) R
2
0.10 0.08 0.08
p 0.0003 0.02 <0.0001
Slope -0.0034 -0.0022 -0.0064
n 129 70 190
 Temp. (°C) R
2
0.06 0.05 0.16
p 0.04 0.11 <0.0001
Slope +0.015 +0.010 +0.030




p <0.0001 <0.0001 0.49
Slope -0.040 -0.028 -0.0023






p <0.0001 0.16 <0.0001
Slope -0.69 -0.0031 -0.16







p 0.54 0.002 0.0003
Slope +0.0036 -0.0010 -0.71






p <0.0001 <0.0001 <0.0001
Slope +0.048 +0.033 +0.0011









p <0.0001 <0.0001 0.0006
Slope +0.30 +0.30 +0.13






p 0.0002 0.84 0.03
Slope +0.055 +0.0004 +0.0011




Relationship based on Heiss & Fulweiler (In Review) only
b
Relationship based on Berousnky & Nixon (1990, 1993) only, 
  and was recently documented in Fulweiler et al (2011)
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Table 2.3.  Estuary water column oxidation rate multiple regression models 
Details of the best-fitting multiple regression models as determined by stepwise 
regression for water column Estuary ammonium oxidation (NH4
+
 Ox), nitrite oxidation 
(NO2
-
 Ox), and total oxidation (Total Ox.) rates.  The studies from which rates and 
environmental variables were gathered are listed (Studies), along with the environmental 
parameters included in the stepwise regression (Variables Included).  The slope term 
(Estimate) of each variable in the best-fitting model, along with the standardized 
parameter estimate (Std. Est.), which normalizes the slopes of each term for ease of 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2.4.  Continental Shelf water column oxidation rate univariate regressions 
Details of univariate regressions for Continental Shelf (C.Shelf) ammonium oxidation 
(NH4
+
 Ox), nitrite oxidation (NO2
-
 Ox), and total oxidation (Total Ox.) rates, transformed 
as Log(Oxidation Rate +1) (all in units of µM d
-1
).  Details of regressions are given for 
entire water column (all depths), near-surface (0-100 m), and deep (>100 m) depths.  All 
oxidation rates were log-transformed as they were not normally distributed and exhibited 
a large range.  The total number of data points collected for each oxidation rate type is 
listed (Total n), however oxidation rates were not always accompanied by all 
environmental variables when published.  Log-transformed rates were plotted against 
environmental variables including: Depth, Temperature (Temp.), Salinity, Dissolved 




]), and nitrate 
([NO3
-
]).  The correlation coefficient (R
2
), p-value, slope, and number of data points (n) 
for each best-fitting regression are given.  The best-fitting regression was determined as 
the regression which included as many oxidation rates accompanied by relevant 
environmental data as possible to yield a statistically significant and predictive 
relationship; all other regressions are available in Appendix C.  Regressions which are 
statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) are shown in bold.  
Regressions which are significant (p ≤ 0.05) but not predictive (R2 < 0.20) are shown in 
regular font.  Non-significant regressions are shown in italics.  All regressions are linear, 






C. Shelf (all depths) C. Shelf (0-100m) C. Shelf (>100m)
NH4
+




 Ox      
(µM d-1)








 Ox      
(µM d-1)








 Ox      
(µM d-1)
Total Ox      
(µM d-1)
Total n 651 380 280 483 285 235 143 84 45









p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.007 0.19
Slope -0.00008 -0.00027 -0.00038 -0.0013 -0.0015 -0.0022 -0.0021 -0.00005 -0.00004
n 604 368 280 482 284 235 134 84 45
 Temp. (°C) R
2
0.03 0.05 0.04 0.12 0.02 0.04 0.01 0.00 0.02
p 0.0007 0.002 0.02 <0.0001 0.05 0.02 0.38 --- 0.61
Slope +0.0057 +0.010 -0.00061 +0.016 -0.011 -0.00054 +0.00008 +0.012











0.02 0.08 --- 0.18
p <0.0001 <0.0001 0.14 <0.0001 <0.0001 0.13 0.33 --- 0.15
Slope -0.012 -0.010 -0.00019 -0.012 -0.010 -0.00016 -0.0089 -0.021









0.13 0.05 0.19 0.01 0.08
p 0.0003 0.0004 0.07 0.0002 0.0002 0.005 <0.0001 0.40 0.14
Slope -0.00045 -0.0037 -0.00060 -0.93 -0.0050 -0.0010 +0.0013 -0.0040 +0.017
n 58 174 177 43 104 148 105 70 29
 pH R
2
0.02 0.02 0.03 0.01 0.02 0.03 0.94
b
--- ---
p 0.36 0.71 0.75 0.68 0.71 0.75 0.007 --- ---
Slope +0.0023 +0.014 -0.0071 +0.00052 + -0.0071 +0.0046














p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.76
Slope +0.058 +0.038 +0.075 +0.060 +0.036 +0.077 +0.0037 +0.033 -0.0015






















p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.57 0.02 0.71
Slope +0.12 +0.20 +0.48 +0.28 +0.20 +0.27 +0.0054 +0.047 +0.016










p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.02 0.76 0.002
Slope +0.0020 +0.0034 +0.0078 +0.0023 +0.0019 +0.0086 -0.00019 -0.00039 +0.0016
n 430 270 182 374 227 160 44 32 22
‡







Relationship strongly influenced by Feliatra & Bianchi 1999 study with salinities 10-37
b
Relationship based only on Hueseman et al 2002 deep water values
c
Relationship strongly influenced by Veuger et al 2013 study 
d
Relationship strongly influenced by Fussel et al 2012 values
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Table 2.5.  Continental Shelf water column oxidation rate multiple regression models 
Details of the best-fitting multiple regression models as determined by stepwise 
regression for water column Continental Shelf (C.Shelf) ammonium oxidation (NH4
+
 
Ox), nitrite oxidation (NO2
-
 Ox), and total oxidation (Total Ox.) rates.  The best-fitting 
model for all data collected from all depths, depths 0-100m, and over 100m are given.  
The studies from which rates and environmental variables were gathered are listed 
(Studies), along with the environmental parameters included in the stepwise regression 
(Variables Included).  The slope term (Estimate) of each variable in the best-fitting 
model, along with the standardized parameter estimate (Std. Est.), which normalizes the 
slopes of each term for ease of comparison, are presented.  Non-significant values (p > 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2.6.  Open Ocean water column oxidation rate univariate regressions 
Details of univariate regressions for water column Open Ocean (O.Ocean) ammonium 
oxidation (NH4
+
 Ox), nitrite oxidation (NO2
-
 Ox), and total oxidation (Total Ox.) rates, 
transformed as Log(Oxidation Rate +1) (all in units of µM d
-1
).  Details of regressions are 
given for entire water column (all depths), near-surface (0-100 m), and deep (>100 m) 
depths.  All oxidation rates were log-transformed as they were not normally distributed 
and exhibited a large range.  The total number of data points collected for each oxidation 
rate type is listed (Total n), however oxidation rates were not always accompanied by all 
environmental variables when published.  Log-transformed rates were plotted against 
environmental variables including: Depth, Temperature (Temp.), Salinity, Dissolved 




]), and nitrate 
([NO3
-
]).  The correlation coefficient (R
2
), p-value, slope, and number of data points (n) 
for each best-fitting regression are given.  The best-fitting regression was determined as 
the regression which included as many oxidation rates accompanied by relevant 
environmental data as possible to yield a statistically significant and predictive 
relationship; all other regressions are available in Appendix C.  Regressions which are 
statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) are shown in bold.  
Regressions which are significant (p ≤ 0.05) but not predictive (R2 < 0.20) are shown in 
regular font.  Non-significant regressions are shown in italics.  All regressions are linear, 






O. Ocean (all depths) O. Ocean (0-100m) O. Ocean (>100m)
NH4
+




 Ox      
(µM d-1)








 Ox      
(µM d-1)








 Ox      
(µM d-1)
Total Ox      
(µM d-1)
Total n 266 129 222 173 57 175 90 69 47




0.04 0.13 0.02 0.02 0.09 0.08
p 0.002 0.02 <0.0001 0.01 0.005 0.10 0.17 0.01 0.05
Slope -0.000008 -0.000018 -0.0071 +0.000044 +0.00014 +0.000055 -0.000005 -0.000024 -0.000001
n 263 126 210 173 57 175 90 69 47
 Temp. (°C) R
2
0.02 0.18 0.04 0.03 0.18 --- 0.69
*
--- 0.04
p 0.19 0.05 0.38 0.10 0.05 --- 0.02 --- 0.38
Slope -0.00016 +0.00047 -0.00031 -0.00022 +0.00047 +0.19 -0.00031
n 90 21 23 82 21 0 7 0 23
Salinity R
2
0.12 --- --- 0.08 --- --- 0.41 --- ---
p 0.006 --- --- 0.04 --- --- 0.36 --- ---
Slope -0.0018 -0.0017 +0.00028













0.41 0.00 0.03 0.49
‡b
p 0.007 0.01 0.08 0.01 0.01 0.56 0.88 0.17 0.02
Slope +0.0018 -0.0032 -0.00031 +0.0017 -0.0032 -0.00054 +0.000006 -0.017 -0.00081
n 34 21 16 30 21 3 64 57 10
 pH R
2
--- --- 0.01 --- --- --- --- --- 0.01
p --- --- 0.72 --- --- --- --- --- 0.72
Slope +0.0013 +0.0013





0.31 0.04 0.00 0.22 0.01 0.01 0.20
c
0.00 0.03
p <0.0001 0.03 0.85 <0.0001 0.39 0.54 0.0001 0.78 0.55
Slope +0.017 +0.0095 -0.0040 +0.014 +0.0055 -0.015 +0.0032 -0.0035 +0.037











0.04 0.013 0.01 ---
p <0.0001 0.0004 0.22 <0.0001 <0.0001 0.19 0.31 0.43 ---
Slope +24.59 +0.13 -0.031 +0.089 +0.42 -0.033 -0.0009 -0.00063









0.32 0.00 0.14 0.10 0.02
p <0.0001 0.72 0.46 <0.0001 0.0004 0.82 0.0011 0.011 0.76
Slope +0.18 +0.00003 +0.0011 +0.22 0.00067 -0.00009 -0.00025 -0.00023 +0.000030
n 94 100 36 80 35 38 75 65 8
‡ 







Relationship based only on Bianchi et al 1997 study
b
Relationship based only on Sutka et al 2004 study
c





Table 2.7.  Open Ocean water column oxidation rate multiple regression models 
Details of the best-fitting multiple regression models as determined by stepwise 
regression for Open Ocean (O.Ocean) ammonium oxidation (NH4
+
 Ox), nitrite oxidation 
(NO2
-
 Ox), and total oxidation (Total Ox.) rates.  The best-fitting model for all data 
collected from all depths and depths 0-100 m are given.  The studies from which rates 
and environmental variables were gathered are listed (Studies), along with the 
environmental parameters included in the stepwise regression (Variables Included).  The 
slope term (Estimate) of each variable in the best-fitting model, along with the 
standardized parameter estimate (Std. Est.), which normalizes the slopes of each term for 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 2.1.  Water column nitrification rates grouped by oxidation type 
Water column nitrification rate measurements gathered from primary literature are 
grouped by oxidation rate type –ammonium oxidation (NH4
+
 Ox.), nitrite oxidation (NO2
-
 
Ox.), or total oxidation (Total Ox.).  Rate measurements are also grouped by location 
region: Estuary (dark grey bars), Continental Shelf (C. Shelf, light grey bars), and Open 
Ocean (O. Ocean, white bars).  Overall, more NH4
+
 Oxidation rates have been published 
than either Total or NO2
-
 oxidation.  Continental Shelf measurements were more 





























Estuary C. Shelf O. Ocean
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Figure 2.2.  Water column oxidation rate distributions 
Nitrification rates are grouped by location and oxidation rate type.  All rates displayed 
distributions skewed towards lower rates.  Estuary ammonium (A), nitrite (D), and total 
(G) oxidation rates ranged from 0 to 300 µM d
-1
, however approximately 70% of 
ammonium and nitrite oxidation rates were below 1 µM d
-1
 and 60% of total oxidation 
rates were below 1 µM d
-1
.  Continental Shelf ammonium (B), nitrite (E), and total (H) 
oxidation rates ranged from 0 to 5.5 µM d
-1
, with approximately 50-80% of all oxidation 
rates below 1 µM d
-1
.  Open Ocean ammonium (C), nitrite (F), and total (I) oxidation 
rates ranged from 0 to 0.3 µM d
-1
, with over 50% (53-66%) of rates less than 0.1 µM d
-1






































































Figure 2.3.  Average water column oxidation rates for all regions 
Average water column ammonium (NH4
+
 Ox.), nitrite (NO2
-
 Ox.), and total oxidation 
(Total Ox.) rates for Estuary (dark grey bars), Continental Shelf (light grey bars), and 
Open Ocean (white bars) regions.  Statistically significant differences (p ≤ 0.05) between 





 oxidation rates are not different from each other (p = 0.57), 
however both are different from Estuary total oxidation rates (p = 0.001 and 0.02, 
respectively).  Continental Shelf NH4
+
 and total oxidation rates are not different (p = 
0.47), however both are different from NO2
-





 oxidation are not different, nor are NO2
-
 and Total oxidation rates 
(p = 0.11 and 0.48, respectively).  However, Open Ocean NH4
+
 oxidation is different 
from Total oxidation rates (p < 0.0001).  NH4
+
 oxidation rates are significant different 
amongst Estuary, Continental Shelf, and Open Ocean locations (p < 0.0001 for all pairs).  
NO2
-
 oxidation rates are also different across all three sites (p = 0.02 for 
Estuary/Continental Shelf, p < 0.0001 for Estuary/Open Ocean and Open 
Ocean/Continental Shelf).  Total oxidation rates are different across all locations (p < 












































































Figure 2.4.  Continental Shelf water column oxidation rate profiles 
Water column profiles of Continental Shelf ammonium oxidation rates (NH4
+
 Ox., light 
grey circles), nitrite oxidation rates (NO2
-
 Ox., light grey squares), and total oxidation 
rates (Total Ox., light grey triangles) (all in units of (µM d
-1
) plotted to 500 m.  Mean 
oxidation rates from 0-100 m depth are shown as a solid red line, while mean oxidation 
rates from >100 m depth are shown as a solid blue line.   
A)  Continental Shelf ammonium oxidation rates (NH4
+
 Ox.) decrease with depth.  Mean 
ammonium oxidation rate (± standard error) from 0-100 m depth is 0.26 ± 0.02 µM d
-1 
(n 
= 483, red line), while the mean rate >100 m depth is 0.009 ± 0.002 µM d
-1
 (n = 143, blue 
line).  Ammonium oxidation rates from 0-100 m are significantly higher than rates from 
>100 m (Welch’s test, p < 0.0001).   
B)  Continental Shelf nitrite oxidation rates (NO2
-
 Ox.) decrease with depth.  Mean nitrite 
oxidation rate (± standard error) from 0-100 m depth is 0.33 ± 0.02 µM d
-1
 (n = 285, red 
line), while the mean rate >100 m depth is 0.066 ± 0.01 µM d
-1
 (n = 84, blue line).  
Nitrite oxidation rates from 0-100 m are significantly higher than rates from >100 m 
(Welch’s test, p < 0.0001).   
C)  Continental Shelf total oxidation rates (Total Ox.) decrease with depth.  Mean total 
oxidation rate (± standard error) from 0-100 m depth is 0.23 ± 0.05 µM d
-1
 (n = 235, red 
line), while the mean rate >100 m depth is 0.050 ± 0.01 µM d
-1
 (n = 45, blue line).  Total 
oxidation rates from 0-100 m are significantly higher than rates from >100 m (Welch’s 
test, p = 0.0002).    
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Figure 2.4  
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Figure 2.5.  Open Ocean water column oxidation rate profiles 
Water column profiles of Open Ocean ammonium oxidation rates (NH4
+
 Ox., white 
circles), nitrite oxidation rates (NO2
-
 Ox., white squares), and total oxidation rates (Total 
Ox., white triangles) (all in units of (µM d
-1
) plotted to 500 m.  Mean oxidation rates 
from 0-100 m depth are shown as a solid red line, while mean oxidation rates from >100 
m depth are shown as a solid blue line.   
A)  Open Ocean ammonium oxidation rates (NH4
+
 Ox.) decrease with depth.  Mean 
ammonium oxidation rate (± standard error) from 0-100 m depth is 0.016 ± 0.001 µM d
-1 
(n = 173, red line), while the mean rate >100 m depth is 0.0068 ± 0.002 µM d
-1
 (n = 90, 
blue line).  Ammonium oxidation rates from 0-100 m are significantly higher than rates 
from >100 m (Welch’s test, p = 0.002).   
B)  Open Ocean nitrite oxidation rates (NO2
-
 Ox.) decrease with depth.  Mean nitrite 
oxidation rate (± standard error) from 0-100 m depth is 0.024 ± 0.004 µM d
-1
 (n = 57, red 
line), while the mean rate >100 m depth is 0.013 ± 0.003 µM d
-1
 (n = 69, blue line).  
Nitrite oxidation rates from 0-100 m are significantly higher than rates from >100 m (t-
test, p = 0.03).   
C)  Open Ocean total oxidation rates (Total Ox.) decrease with depth.  Mean total 
oxidation rate (± standard error) from 0-100 m depth is 0.020 ± 0.002 µM d
-1
 (n = 175, 
red line), while the mean rate >100 m depth is 0.005 ± 0.001 µM d
-1
 (n = 47, blue line).  
Total oxidation rates from 0-100 m are significantly higher than rates from >100 m 
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Figure 2.6.  Water column oxidation rates grouped by method type 
Number of water column oxidation rate measurements gathered from primary literature 




N Tr.), or chemical assay (Chem.).  Rate measurements are grouped by 
location region: Estuary (dark grey bars), Continental Shelf (C. Shelf, light grey bars), 
and Open Ocean (O. Ocean, white bars).  Studies most commonly used 
15
N tracer 





N tracer methods were commonly used in Estuaries.  
15
N dilution was 
not used to measure oxidation rates close to shore, and is associated primarily with 
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Figure 2.7.  Average water column oxidation rates for all regions grouped by method 
Average water column ammonium (NH4
+
 Ox.), nitrite (NO2
-
 Ox.), and total oxidation 
(Total Ox.) rates for Estuary (dark grey bars), Continental Shelf (light great bars), and 
Open Ocean (white bars) regions grouped by method [
14











N Tr.), or chemical assay (Chem.)].  
Statistically significant differences (p ≤ 0.05) between methods, as determined by Welch 
t (for 2 groups) or Steel-Dwass (3 or more groups) tests are marked with different lower-
case letters.   
A)  Estuary NH4
+
 oxidation rates measured using 
15
N tracer methods are significantly 
higher than rates measured using chemical assays (p < 0.0001).  
 B)  Continental Shelf NH4
+
 oxidation rates measured using 
14
C incorporation and 
chemical assay methods were not different from each other (p = 0.85), however both 
were higher than rates measured using 
15
N tracer (p < 0.0001 for both pairs).  
C)  Open Ocean NH4
+
 oxidation rates measured using 
14
C incorporation are higher than 
rates measured using 
15
N tracer (p = 0.03).  Open Ocean NH4
+
 oxidation rates measured 
using chemical assays are higher than rates measured using 
15
N dilution (p < 0.0001) and 
tracer (p < 0.0001).  Open Ocean NH4
+
 oxidation rates using 
14
C incorporation are not 
different from 
15
N dilution (p = 0.09), nor are rates measured using 
15
N dilution and 
15
N 
tracer (p = 0.34) or rates measured using 
14
C incorporation and chemical assays (p = 
0.93) 
D)  Estuary NO2
-
 oxidation rates measured using 
15
N tracer methods are significantly 
higher than rates measured using chemical assays (p = 0.006).   
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E)  Continental Shelf NO2
-
 oxidation rates measured using 
14
C incorporation and 
15
N 
tracer methods were not different from each other (p = 0.11), however both were lower 
than rates measured using chemical assay (p = 0.004 and p < 0.0001, respectively).   
F)  Open Ocean NO2
-
 oxidation rates measured using 
15
N dilution and 
15
N tracer methods 
are not different (p = 1.0).  However both are lower than rates measured using chemical 
assays (p < 0.001 and p = 0.01, respectively).    
G)  Estuary total oxidation rates measured using 
14
C bicarbonate incorporation are higher 
than rates measured using 
15
N tracer (p < 0.0001).  However, rates measured using 
15
N 
dilution were not different from either 
14
C incorporation or 
1
5N tracer results (p = 0.88 
and 0.21, respectively).   
H)  Continental Shelf total oxidation rates measured using 
14
C bicarbonate incorporation, 
15
N dilution, and 
15













N Tr.)   
I)  Open Ocean total oxidation rates measured using 
14
C bicarbonate incorporation are 
higher than rates measured using 
15




Figure 2.7  
 
  




















































































































Figure 2.8.  Water column ammonium vs. nitrite oxidation rates for all regions 
Log-transformed water column nitrite oxidation rates [Log(NO2
-
 Ox +1), units µM d
-1
] 
plotted as a function of water column log-transformed ammonium oxidation rates 
[Log(NH4
+
 Ox +1), units µM d
-1
] for Estuary (dark grey circles), Continental Shelf (light 
grey circles), and Open Ocean (white circles) locations.  Significant linear regressions are 
shown as solid black lines.  Ammonium oxidation: nitrite oxidation 1:1 lines are shown 
as green dashed lines.   
A)  Estuary ammonium oxidation rates (NH4
+
 Ox.) are significantly, positively related to 
Estuary nitrite oxidation rates (NO2
-
 Ox.) [n = 83, R
2 
= 0.75, p < 0.0001; Log(NO2
- 
Ox. 
+1) = 0.038 + 0.56*Log(NH4
+
 Ox. +1)].   
B)  Continental Shelf ammonium oxidation rates (NH4
+
 Ox.) are significantly, positively 
related to Continental Shelf nitrite oxidation rates (NO2
-
 Ox.) [n = 295, R
2 
= 0.84, p < 
0.0001; Log(NO2
- 
Ox. +1) = 0.022 + 0.69*Log(NH4
+
 Ox. +1)].   
C)  Open Ocean ammonium oxidation rates (NH4
+
 Ox.) are significantly, positively 
related to Open Ocean nitrite oxidation rates (NO2
-
 Ox.) [n = 128, R
2 
= 0.35, p < 0.0001; 
Log(NO2
- 
Ox. +1) = 0.0038 + 0.76*Log(NH4
+



















































Figure 2.9.  Summary diagram: in situ conditions impacting water column ammonium, 
nitrite, and total oxidation rates 
Summary diagram of environmental conditions that have the greatest impact on water 
column ammonium oxidation (NH4
+
 Ox.), nitrite oxidation (NO2
-
 Ox), and total oxidation 
(Total Ox.) rates as determined by multiple regression analysis for the most complete 
data set available.  Environmental controls on Estuary (dark grey), Continental Shelf 
(light grey), and Open Ocean (white) oxidation rates from all depths, 0-100 m, and >100 
m depths are presented.  Environmental variables that have the greatest effect on 
oxidation rate (i.e. largest standard estimate and lowest p-value in the multiple regression 
model) are listed first at the top of each box, and other variables follow in descending 
order.  Upwards-pointing arrows (↑) indicate and increase in oxidation rate with an 
environmental condition, while downwards-pointing arrows (↓) indicate a decrease in 
oxidation rates.  Environmental variables which are statistically significant (p ≤ 0.05) in 
the best-fitting multiple regression model are shown in regular font, while variables with 
a p-value > 0.05 are shown in italics.   
Estuary ammonium oxidation rates (NH4
+
 Ox.) increase with product concentration 
(nitrite, [NO2
-
]) and substrate concentration (ammonium, [NH4
+
]) and decrease with 
salinity.  Estuary nitrite oxidation rates (NO2
-
 Ox.) increase with substrate concentration 
(nitrite, [NO2
-
]) and product concentration (nitrite, [NO3
-
]).  Depth, while not significant 
(p = 0.55), does appear in the model as a factor that decreases nitrite oxidation.  Estuary 







 oxidation rates, but instead exhibit significant increases with temperature, and 
insignificant decreases with salinity (p = 0.26).   
Continental Shelf ammonium oxidation rates (NH4
+
 Ox.) for all depths and from 0-100 m 
are most influenced by depth alone, and decrease in deeper waters.   Over 100 m, 
Continental Shelf ammonium oxidation rates (NH4
+
 Ox.) increase with substrate 
concentration (ammonium, [NH4
+
]).  However, nitrite oxidation rates in Continental 
Shelf regions for all depths and 0-100 m only also increase with ammonium 
concentration ([NH4
+
]), decrease with depth, and may decrease with substrate 
concentration (nitrite, [NO2
-
], p = 0.11 for all depths, p = 0.65 for 0-100 m).  Over 100 m 
depth, Continental Shelf nitrite oxidation rates increase with ammonium concentration 
([NH4
+
]) alone.  Continental Shelf total oxidation rates (Total Ox.) from all depths and 0-
100 m decrease with dissolved oxygen (DO), ammonium (NH4
+
), and nitrate 
concentrations (NO3
-
), but may be regulated by decreasing rates with depth over 100 m (p 
= 0.14).   
Open Ocean ammonium oxidation rates (NH4
+
 Ox.) for all depths increase with substrate 
concentration (ammonium, [NH4
+
]), but from 0-100 m only may also increase with depth 
(p = 0.14).  Nitrite oxidation rates in Open Ocean regions for the entire water column 
decrease with depth, increase with product concentration ([NO3
-
]), and marginally 
decrease with dissolved oxygen (DO, p = 0.08).  From 0-100 m only, Open Ocean nitrite 
oxidation rates only increase with product concentration ([NO3
-
]).  Open Ocean total 
oxidation rates did not exhibit a significant relationship with any environmental 
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CHAPTER 3: A Tale of Two Processes: Water Column and Benthic Controls on 
Ammonium and Nitrite Oxidation 
E.M. Heiss and R.W. Fulweiler 
Please note: This chapter is in review at Marine Ecology Progress Series (Feb. 2014) 
 
Abstract 
Nitrification is a two-step process which influences marine primary production 
and nitrogen removal.  While the influence of environmental conditions on the first step, 
ammonium oxidation, has been well-studied, we know comparatively less about the 
second step, nitrite oxidation.  We measured water column ammonium and nitrite 
oxidation rates separately along an estuary to continental shelf gradient, and found that 
nitrite oxidation rates outpaced ammonium oxidation rates.  Ammonium and nitrite 
oxidation rates responded in dissimilar ways to in situ water column conditions, and these 
responses varied with location.  Nearshore ammonium oxidation rates were best 
explained by in situ dissolved oxygen and depth, while Offshore ammonium oxidation 
rates did not exhibit significant relationships with any in situ environmental conditions.  
Nearshore nitrite oxidation rates were related to variations in hydrogen ion concentration 
(i.e. pH) and depth.  Offshore nitrite oxidation rates were also related to pH and depth as 
well as dissolved oxygen.  Additionally, benthic-pelagic coupling influenced water 
column ammonium and nitrite oxidation rates.  Sediments were a source of substrate for 
nitrite oxidation especially in the Nearshore region.  Nearshore ammonium oxidation 
rates exhibited a strong negative relationship with sediment oxygen demand, while 
Nearshore ammonium and nitrite oxidation displayed weaker, opposing trends with 
  
134 
sediment net denitrification.  Offshore, ammonium and nitrite oxidation rates both 
displayed negative relationships with sediment net denitrification and positive 
relationships with sediment oxygen demand.  These findings highlight the importance of 
understanding environmental controls including the role of benthic-pelagic coupling on 
both nitrification steps in marine environments. 
 
Introduction 
Links between reduced and oxidized forms of nitrogen are essential in forming a 
complete global nitrogen cycle.  In the atmosphere, lightning can produce approximately 
5 Tg of oxidized nitrogen per year (Lelieveld & Dentener 2000, Galloway et al. 2004).  
However, compared to biological pathways, lightning oxidation plays a minor role.  
Instead, nitrification, a two-step microbially mediated process which converts ammonium 
(NH4
+
) to nitrite (NO2
-
) and ultimately nitrate (NO3
-
), serves as the major link between 
reduced and oxidized portions of the nitrogen cycle.   
Ammonium oxidation is the first, and generally considered rate-limiting, step of 
nitrification.  Aerobic ammonium oxidizing bacteria and archaea can help to control 
water column primary production as they compete with heterotrophic bacteria and 
phytoplankton for ammonium (Martens-Habbena et al. 2009).  As such, relationships 
between ammonium oxidation rates and in situ environmental conditions (e.g. 
temperature, salinity, dissolved oxygen, substrate availability) have been well-
documented in a variety of marine environments (Bianchi et al. 1999, Ward 2005, 
Grundle and Juniper 2011).  However, we know relatively less about how the second step 
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of nitrification, nitrite oxidation, responds to environmental conditions.  Nitrite oxidizing 
bacteria provide the substrate (nitrate) needed for denitrification - the filtering mechanism 
which removes between 30 to 50% of N loads to coastal systems (Seitzinger and Kroeze 
1998, Seitzinger et al. 2006).  This is important, as excess N can lead to a variety of 
negative consequences in coastal waters, including eutrophication, hypoxia, and 
decreases in biodiversity (Nixon 1995, Galloway et al. 2003, Diaz and Rosenberg 2008).  
Moreover, research has yet to thoroughly examine the role of sediments in altering either 
step of water column nitrification, despite the importance of benthic-pelagic coupling in 
regulating other water column processes (e.g. primary production).   
 We investigated the role of in situ environmental conditions on both water 
column ammonium and nitrite oxidation.  To do this, we selected study sites along an 
estuary to continental shelf transect where in situ temperature, salinity, dissolved oxygen, 
pH, and dissolved inorganic nitrogen concentrations varied along a natural gradient.  
Additionally, we concurrently measured rates of sediment metabolism (sediment net 
denitrification, oxygen demand, and dissolved inorganic nitrogen fluxes) to determine the 
influence of the benthos on water column ammonium and nitrite oxidation.  We 
hypothesized that both ammonium and nitrite oxidation rates would show a similar and 
significant response to changes in salinity, pH, dissolved oxygen, and substrate 
concentrations along this shore to shelf gradient, and that benthic influence would be 
strongest in shallow areas. 
 
Materials and Methods 
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Water Column Ammonium and Nitrite Oxidation Rates 
Water column and intact sediment core samples were collected at three sites off 
the Southern New England coast (Figure 3.1).  Site 1 was sampled on four occasions 
(June 2012, August 2012, July 2013, August 2013), Site 2 was sampled twice during the 
study period (June and August 2012), and Site 3 was sampled on one occasion (July 
2012).  During each sampling, depth of the photic zone was determined using Li-Cor LI-
190 terrestrial and LI-193 underwater quantum PAR sensors with an LI1400 data logger. 
Water samples were collected from sub-surface, near base of photic zone, and below 
photic zone depths using a 5-L Niskin bottle.  Temperature, dissolved oxygen, salinity, 
and pH were measured immediately upon water collection using a HACH HQ40d meter 
and probes.  Samples were also immediately collected from the Niskin bottle for in situ 







) samples were filtered with 0.2µ nylon filters and frozen for later analysis via 
standard colorimetric techniques using a Varian Cary 100 Bio UV-Vis (Grasshoff 1976). 
 Nitrification rates were measured with methods similar to Newell et al. (2011).  
Water samples were transferred directly from the Niskin bottle into four 1-L tedlar bags.  
Air bubbles were removed, bags were weighed, and incubations started immediately on 
board.  Ammonium oxidation rates were measured in duplicate tedlar bags from each 
depth by adding enriched ammonium tracer (
15
NH4Cl, 99%, Cambridge Isotope, 100-200 
nmol L
-1
) (Ward 2005).  Similarly, nitrite oxidation rates were determined by adding 
enriched nitrite as a tracer (Na
15
NO2, 98+%, Cambridge Isotope, 100-200 nmol L
-1
) to the 





concentrations by 3-75% (mean 27%) and increased in situ NO2
-
 pools by 13- 100% 
(mean 68%), our rates should be considered as potential rates.  However, neither 
ammonium nor nitrite oxidation rates increased as a function of percent substrate pool 
enrichment (Appendix Figure D.1)  
14
N carriers, sodium nitrite (NaNO2) and potassium 
nitrate (KNO3), were added to the ammonium oxidation and nitrite oxidation sets, 
respectively, in a concentration twice as high as the tracer (Ward 2005).  These 
14
N 
carriers were added at the beginning of experiments to minimize the amount of 
15
N 
product lost through subsequent oxidation or biological uptake during incubation.  
Tracers and carriers were added to the gas-tight tedlar bags through septa injection.  Bags 
were gently shaken by hand to mix tracer/carrier solutions throughout the sample.  An 
initial aliquot for 
14/15
N analysis were collected from each bag, filtered (0.2µ nylon), and 
frozen.  Tedlar bags were incubated at in situ temperature in the dark for 24 hours, after 
which a final aliquot was collected, filtered, and frozen for later laboratory analysis.   
Ammonium and nitrite oxidation rates were determined by measuring the 
accumulation of 
15
N in nitrite or nitrate pools, respectively, by converting nitrite to 
nitrous oxide (N2O) gas using a sodium azide reduction method (McIlvin and Altabet 
2005, Mackey et al. 2011, Newell et al. 2011).  For ammonium oxidation rates, 7.5 mL of 
sample were placed into 12 mL Exetainer vials (Labco, UK) and capped.  Then, 0.25 mL 
of 1:1 (v:v) 2 mol L
-1
 sodium azide:20% acetic acid solution (purged with helium gas for 
30 minutes) was added through the septa.  The vials were shaken and allowed to react for 
1 hour at 30 °C; during this time, nitrite was converted to N2O gas.  Finally, 0.15 mL of 
10 mol L
-1
 sodium hydroxide was added through the septa to stop the reaction.   
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Similarly, for nitrite oxidation aliquots, 
15
N nitrate production was measured.  In 
situ nitrite was first removed by adding 0.25 mL of 0.4 mol L
-1
 sulfamic acid to 25 mL of 
sample, and then neutralized with 0.125 mL of 2 mol L
-1
 sodium hydroxide after 10 
minutes (Granger and Sigman 2009).   100 mg of magnesium oxide, 6.6 g of sodium 
chloride, and 0.75 g of acidified cadmium powder were added to each 25 mL sample, and 
shaken for 17 hours, during which time nitrate was reduced to nitrite (McIlvin and 
Altabet 2005, Ryabenko et al. 2009).  Samples were then centrifuged for 15 minutes at 
2000 rpm, and 7.5 mL of the supernatant liquid are treated with azide as described above.   
The isotopic analysis for 
14/15
N in the resulting N2O gas was performed on a 
ThermoFinnigan GasBench + PreCon trace gas concentration system interfaced to a 
ThermoScientific Delta V Plus isotope-ratio mass spectrometer (Bremen, Germany) at 
the University of California Davis Stable Isotope Facility (N2O Limit of Quantitation: 
approximately 150 picomoles, long-term standard deviation 
15N: 0.1 ‰).  The resulting 
N2O concentration of each sample was corrected for cadmium reduction efficiency, and 
azide reduction efficiency.   
Ammonium oxidation rates were calculated by determining the atom% 
enrichment of the nitrite pool after 24 hour incubation and correcting for ammonium 
source pool tracer dilution (Carini and Joye 2008): 
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Similarly, nitrite oxidation rates were calculated as: 
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Sediment N2, O2, and Dissolved Inorganic Nitrogen Fluxes 
Intact sediment cores (30.5 cm long, 10 cm diameter) were collected from each 
site at the same time as water samples.  Cores were collected via SCUBA divers at Site 1, 
and via box corer (0.25 m
2
) at Sites 2 and 3.  PVC Cores were pre-mounted in the box 
corer to minimize disturbance of the fine top layer of sediments (Hopkinson et al. 2001).  
Sediment cores were kept upright, in the dark, and at in situ field temperature while 
gently bubbling the overlaying water with air overnight (Fulweiler et al. 2007, Fulweiler 
et al. 2008, Heiss et al. 2012).  Overlaying core water was replaced with 0.2µ filtered site 
bottom water, and cores were sealed without air headspace using gas-tight lids fitted with 
magnetic stir bars to allow for gentle mixing (Fulweiler et al. 2007, Fulweiler et al. 2008, 
Heiss et al. 2012).  Cores were incubated in the dark at in situ temperature for 6-24 hours, 
allowing dissolved oxygen to drop by at least 2 mg L
-1
, but not reach below 3 mg L
-1
 
final concentration (Fulweiler et al. 2007, Fulweiler et al. 2008, Heiss et al. 2012).  
Duplicate water samples for N2/Ar analysis were collected at 5 time points during the 
incubation using 12 mL Exetainer vials (Labco, UK) and treated with saturated zinc 
chloride solution.  Dissolved gas concentrations (N2 and O2) were measured using a 
quadrupole membrane inlet mass spectrometer (MIMS, Bay Instruments, Cambridge, 
Maryland) and the N2/Ar technique (Kana et al. 1994).  Samples were collected at initial 
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and final incubation time points for dissolved inorganic nitrogen concentration, filtered 
using glass fiber filters, and frozen for later analysis.  Dissolved inorganic nitrogen 
concentrations were measured on a SEAL nutrient auto-analyzer at Boston University.  
Rates of change in N2, O2, and dissolved inorganic nitrogen concentrations were 
determined via linear regression.  These rates of change were prorated for core area, 
volume, and time of incubation to yield net N2, O2, and dissolved inorganic nitrogen 
fluxes (Fulweiler et al. 2007, Fulweiler et al. 2008, Heiss et al. 2012).   
 
Statistical Analysis 
After calculation of water column ammonium and nitrite oxidization rates and 
sediment net N2, O2, and dissolved inorganic nitrogen fluxes, statistical analysis was 
performed using SAS JMP 10.0.0.  Rates of ammonium and nitrite oxidation that were 
non-detectible were excluded from this analysis, as well as one outlier (nitrite oxidation: 
4.53 nM d
-1
, Site 1, June 2012, 6 m) determined by Dixon’s Q-test.   Differences in 
ammonium and nitrite oxidation rates along the estuary to shelf gradient were determined 
by Levene test for equality of variances and Welch t-tests for equality of means.  A 
principal components analysis was performed to detect overall trends among ammonium 
oxidation rates and nine other water column environmental variables (distance from 
shore, water column depth, temperature, salinity, dissolved oxygen concentration, pH, 
ammonium concentration, nitrite concentration, and nitrate concentration).  Ammonium 
oxidation rates were included in the principal components analysis in order to determine 
how rates varied in relation to each other along the site transect; evaluating water column 
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environmental variables alone would only reveal how in situ conditions changed among 
sampling stations.  Similarly, principal components analysis was also used to assess 
overall trends among nitrite oxidation rates and the same in situ water column conditions.   
Relationships between water column ammonium and nitrate oxidation rates and in 







]) were determined by simple regression analysis, 
with statistical significance determined by a criterion of p ≤ 0.05.  To determine the most 
influential environmental in situ conditions driving water column oxidation rates, we 
performed a stepwise multiple regression using minimum Akaike’s Information Criteria 
(AIC) to determine the best fitting model (Akaike 1974, Graham 2003).  Salinity, depth, 
dissolved oxygen concentration, substrate concentration ([NH4
+
] for ammonium 
oxidation rates, [NO2
-
] for nitrite oxidation rates), and pH or hydrogen ion concentration 
([H
+
]) were included as variables in the model.  pH was used in models where pH 
exhibited a linear univariate relationship with oxidation rate, whereas pH was log 
transformed to [H
+
] and used where a significant, exponential relationship was observed 
during univariate regression analysis.  Likewise, in the instance of oxidation rates 
showing an exponential relationship with dissolved oxygen, exp(dissolved oxygen) was 
used in the multivariate regression model.  For each best-fitting model, we present 
standardized parameter estimates, which normalize the slopes of each term so that the 
influence of each variable in the best-fitting model can be easily compared to each other.   
Simple regression analysis was also used to determine the role of sediment 
metabolism in regulating water column ammonium and nitrite oxidation.  However, only 
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water column rates that were likely to be strongly influenced by the benthos were 
included in this analysis.  These rates include all water column depths (0-8 m) from Site 1 
as it is well-mixed, but only the deepest sampling depths from Site 2 (36-40 m) and Site 3 
(50 m) were included due to the summer presence of thermocline in these regions.  Water 
column ammonium and nitrite oxidation rates were compared to sediment net 
denitrification rate (DNF), sediment oxygen demand (SOD), and sediment dissolved 






).   
 
Results 
Water Column Oxidation Rates From Shore to Shelf 
Water column ammonium and nitrite oxidation rates at the estuary (Site 1) and 
continental shelf (Site 3) locations behaved differently, while rates at the middle site (Site 
2) displayed response characteristics of each.  Throughout the entire water column of our 
estuarine site (Site 1, 0-8 m) and in the euphotic zone of our inshore location (Site 2, 0-23 
m), rates of both ammonium and nitrite oxidation were low, ranging from non-detectable 




respectively (Table 3.1).  We combined the rates from these 
sites, and from here forward refer to them as “Nearshore”.  In the deep waters of Site 2 
(~38 m), ammonium and nitrite oxidation rates were much higher and similar to 




respectively (Table 3.1).  We combined the rates from these sites and refer to them as 
“Offshore.”   
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Both ammonium and nitrite oxidation rates were significantly higher in the 
Offshore region than Nearshore areas (p = 0.011 and p = 0.013, respectively).  Within the 
Nearshore region alone, ammonium oxidation rates were significantly lower than nitrite 
oxidation rates (p = 0.0003).    Similarly, Offshore ammonium oxidation rates were also 
significantly lower than Offshore nitrite oxidation rates (p = 0.03). 
The differences between Nearshore and Offshore ammonium and nitrite oxidation 
rates were also demonstrated through principal components analysis (PCA).  For 
ammonium oxidation rates, the first two components of the PCA explained 
approximately 62% of the variation in the samples (Figure 3.2A).  Ammonium oxidation 
rates separated along the first principal component, dominated by product (nitrite) 
concentration, ammonium oxidation rate itself, depth, and nitrate concentration.  
However, samples did not obviously group along the second component dominated by 
dissolved oxygen, temperature, and salinity.  Similarly, the first two components of the 
nitrite oxidation PCA explained 70% of the variability (Figure 3.2B).  Samples separated 
by site along the first component dominated by substrate (nitrite) concentration, depth, 
nitrite oxidation rate itself, and nitrate concentration, but samples did not obviously group 
along the second component dominated by dissolved oxygen, pH, and temperature.   
 
Nearshore Oxidation Rates: In situ Water Column Influences  
 Simple regression analysis revealed that Nearshore ammonium and nitrite 
oxidation rates responded in different ways to in situ salinity, depth, dissolved oxygen, 
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and pH (Figure 3.3).  Nearshore ammonium oxidation rates exhibited a significant, 
positive exponential relationship with salinity (p = 0.003, R
2 
= 0.41, n = 19) (Figure 
3.3A), but a negative exponential relationship with dissolved oxygen (p = 0.0003, R
2
 = 
0.54, n = 19) (Figure 3.3C).  Nearshore ammonium oxidation rates also exhibited positive 
linear relationships with depth (p = 0.001, R
2
 = 0.47, n = 19) (Figure 3.3B) and pH (p = 
0.02, R
2
 = 0.30, n = 19) (Figure 3.3D).  Nearshore ammonium oxidation rates did not 
show a significant relationship with temperature, but were positively related to in situ 
substrate (NH4
+
) concentration (p = 0.03, R
2
 = 0.24, n = 19).  Multiple regression analysis 
confirmed that Nearshore ammonia oxidation rates were most strongly influenced by a 
positive relationship with depth and negative relationship dissolved oxygen (Table 3.2).   
Nearshore nitrite oxidation rates exhibited a significant, negative linear 
relationship with salinity (p = 0.01, R
2
 = 0.36, n = 16) (Figure 3.3E), and a positive linear 
relationship with dissolved oxygen (p = 0.05, R
2
 = 0.25, n = 16) (Figure 3.3G).  Unlike 
the ammonium oxidation rates, Nearshore nitrite oxidation rates did not show a 
significant relationship with depth (Figure 3.3F).  However, Nearshore nitrite oxidation 
exhibited a strong negative exponential relationship with pH (p = 0.003, R
2
 = 0.49, n = 
16) (Figure 3.3H).  Nearshore nitrite oxidation rates did not show a significant 
relationship with temperature.  Multiple regression analysis confirmed that Nearshore 
nitrite oxidation rates are most strongly, positively influenced by [H
+
] (i.e. negative 
relationship with pH), but further revealed a positive relationship with depth, much like 




Offshore Oxidation Rates: In situ Water Column Influences  
Offshore water column ammonium and nitrite oxidation rates also exhibited 
dissimilar relationships to in situ environmental conditions (Figure 3.4).  Offshore 
ammonium oxidation rates did not exhibit a significant relationship with temperature, 
salinity, depth, dissolved oxygen, or pH (Figure 3.4A,B,C).  Multiple regression analysis 
confirmed that Offshore ammonium oxidation rates were not significantly related to any 
combination of environmental variables.  The strongest (though not statistically 
significant) relationship is positive with depth (Table 3.2).   
Unlike their Nearshore counterparts, Offshore nitrite oxidation rates exhibited a 
marginally significant positive relationship with depth (p = 0.06, R
2
 = 0.48, n = 8) (Figure 
3.4D), a negative linear relationship with dissolved oxygen (p = 0.03, R
2
 = 0.57, n = 8) 
(Figure 3.4E), and a positive linear relationship with pH (p = 0.04, R
2
 = 0.53, n = 8) 
(Figure 3.4F).  Offshore nitrite oxidation rates were not significantly related to 
temperature.  Salinity showed a marginally significant, positive linear relationship with 
Offshore nitrite oxidation (p = 0.08, R
2
 = 0.43, n = 8), however this relationship was 
driven by one low salinity rate that was not a statistical outlier from the data set.  Multiple 
regression analysis also revealed this positive relationship with salinity, but also negative 
relationships with depth and substrate (NO2
-
) (Table 3.2).  However, when removing the 
effect of salinity on Offshore nitrite oxidation due to the one low occurrence, it was in 
fact depth, dissolved oxygen, and pH that were the most dominant environmental controls 




Nearshore Oxidation Rates: Benthic Metabolism Influences  
Along with in situ water column conditions, sediment biological processes also 
impacted ammonium and nitrite oxidation in different ways that varied with location.  
Throughout the well-mixed water column of Site 1, ammonium oxidation rates displayed 
a negative linear relationship with sediment oxygen demand (SOD) (p < 0.0001, R
2
 = 
0.85, n = 12) (Figure 3.5B).  However, Site 1 water column nitrite oxidation rates did not 
show this trend (Figure 3.5D).  Both ammonium and nitrite oxidation rates at Site 1 
showed marginally significant relationships with sediment net denitrification rates, with 
ammonium oxidation rates displaying a negative relationship (p = 0.10, R
2
 = 0.24, n = 
13) (Figure 3.5A) and nitrite oxidation rates displaying a positive relationship (p = 0.06, 
R
2
 = 0.28, n = 13) (Figure 3.5C).  Neither Nearshore ammonium or nitrite oxidation rates 
displayed statistically significant relationships with sediment inorganic nitrogen fluxes. 
 
Offshore Oxidation Rates: Benthic Metabolism Influences  
Offshore, deep water column (Site 2, 36-40 m; Site 3, 50 m) ammonium and 
nitrite oxidation rates both exhibited negative relationships with sediment net 
denitrification (ammonium oxidation, exponential,  p = 0.009, R
2
 = 0.85, n = 6; nitrite 
oxidization, linear, p = 0.0001, R
2
 = 0.98, n = 6) (Figure 3.6A,C).  Offshore ammonium 
and nitrite oxidation rates both exhibited positive relationships with sediment oxygen 
demand (ammonium oxidation, exponential, p = 0.09, R
2
 = 0.54, n = 6; nitrite 
oxidization, linear, p = 0.03, R
2
 = 0.74, n = 6) (Figure 3.6B,D).  Neither Offshore 
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ammonium nor nitrite oxidation rates displayed statistically significant relationships with 
sediment inorganic nitrogen fluxes. 
 
Discussion 
Water Column Oxidation Rates From Shore to Shelf 
 Ammonium and nitrite oxidation rates separated into two groups, Nearshore and 
Offshore, likely due to different environmental characteristics of each site.  Site 2 
displayed trends of both the estuary and shelf regions because this area experiences 
summer stratification and occasional deep shelf water intrusions (Ullman and Condiga 
2010).  Warm water from estuarine Site 1 can flow outwards toward Site 2 and remain 
near the surface.  At the same time, cold, salty intrusions of shelf water can flow inwards 
and remain below the thermocline at Site 2, giving the deepest water there characteristics 
of the continental shelf site (Site 3).  The rates of ammonium and nitrite oxidation 
throughout the Nearshore water column are within the low range of reported values for 
the Atlantic Ocean (Clark et al. 2007, 2008), and are similar to water column average 
ammonium and nitrite oxidation rates reported in a temperate, Pacific coastal system 
(Ward 1987).  Several studies of water column nitrification in estuarine systems using 
15
N tracer methods report higher rates of oxidation, ranging up to 120 nM d
-1
 in Saanich 
Inlet, British Columbia (Ward and Kilpatrick 1990), 550 nM d
-1
 in Hood Canal, 
Washington (Horak et al. 2013), and 82,000 nM d
-1
 in the Chesapeake Bay (McCarthy et 
al. 1984, Horrigan et al. 1990).  Though these reported maximum rates greatly exceed the 
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measured Nearshore ammonium and nitrite oxidation rates, it is important to note that all 
of these studies also reported very low rates of water column oxidation, including many 
instances of 0 nM d
-1
 and non-detectable rates.  The wide-spread occurrence of high 
variability in water column oxidation further supports the need to understand what 
environmental conditions are regulating these processes.  It is possible that in this study 
area, a large range of in situ water column ammonium and nitrite oxidation rates may also 
be experienced and further investigation over multiple seasonal cycles is necessary to 
capture the full range of rates.  Competition for nutrients in the estuary may also explain 
why Nearshore rates are lower than Offshore ammonium and nitrite oxidation.  Overall, 
Offshore ammonium oxidation and nitrite oxidation rates reported are within the range of 
values observed in open ocean systems worldwide (Table 3.3).    
Despite differences in the magnitude of oxidation rates between the Nearshore 
and Offshore regions, nitrite oxidation rates were consistently higher than ammonium 
oxidation rates in both areas.  In the studies that investigate both processes, this is not 
uncommon, and highlights the importance of this under-studied step (Table 3.3).  On 
average, Nearshore and Offshore ammonium oxidation rates produced ~60% and ~42%, 
respectively, of the nitrite consumed by nitrite oxidation.  Therefore, other nitrite sources 
were needed to drive the observed rates.   
Natural nitrite sources reported in marine environments may include incomplete 
reduction of nitrate to ammonia by phytoplankton (Lomas and Lipschultz 2006, Mackey 
et al. 2011), dark phytoplankton release of nitrite (Collos 1998, Grundle and Juniper 
2011), or dissimilatory nitrate reduction to ammonia (DNRA) occurring within sediments 
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) is prorated by depth, the benthos provided over 9 times the substrate needed for the 
average observed water column nitrite oxidation rates here.  In turn, any excess nitrite in 
these estuarine waters may be available for nitrite oxidation throughout the water column 
of the entire Nearshore region.  However, the benthos did not play as important a role in 





1) only accounted for <1% of the nitrite oxidized below the thermocline.  
Additional benthic influence on water column oxidation rates in both Nearshore and 
Offshore regions are discussed in later sections.   
 
Nearshore Oxidation Rates: In situ Water Column Influences  
When examining individual relationships between ammonium or nitrite oxidation 
rates and in situ water column conditions, it was clear that the two nitrification steps 
responded dissimilarly to environmental conditions (Figures 3.3 and 3.4).  Nearshore 
ammonium oxidation rates were significantly, positively correlated to salinity, while 
nitrite oxidation rates showed a negative trend (Figure 3.3 A,E).  The trend of higher 
oxidation rates at lower salinity observed with nitrite oxidation is consistent with other 
coastal studies (Somville 1984, Bianchi et al. 1999), as higher rates of water column 
nitrification are often found at lower salinities due to increased human nutrient loading 
and the release of inorganic nitrogen from particles as fresh and salt waters mix.  
However, higher rates of ammonium oxidation at higher salinities were observed.  We 
hypothesize that this trend is driven by competition for substrate (NH4
+
).  In the 
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Nearshore region, ammonium oxidizers may be out-competed by primary producers for 
NH4
+
 closer to shore, and thus oxidation rates are lower at low salinities.  However, 
where salinity increases further from shore and anthropogenic NH4
+
 becomes scarcer, the 
ammonium oxidizers are able to compete for substrate.  In fact, ammonium oxidizing 
archaea are adept at competing for substrate in nutrient-deplete environments (Martens-
Habbena et al. 2009), which may explain the trend we observe between Nearshore 
ammonium oxidation rates and salinity.   
The positive, linear relationship between depth and ammonium oxidation 
observed here has also been reported in other marine systems.  Significant, positive 
relationships between ammonium oxidation rates and depth has been reported from 0-70 
m water depths in Monterey Bay (Ward 2005) and from the surface up to 60-80 m in the 
Black Sea (Ward and Kilpatrick 1991).  However, this simple trend of increasing rates 
with depth is often not reported for deeper, open ocean water columns.  Instead, a pattern 
of low ammonium oxidation rates in surface waters increasing to sub-surface maxima 
near the base of the photic zone, and then slowly decreasing below the euphotic zone 
(Ward 1987, Ward and Zafiriou 1988, Beman et al. 2012) is commonly reported in 
marine environments with depths of 400, 500, 800, and 3500 m.  In these cases, 
ammonium oxidation is thought to be regulated by substrate coming from the 
decomposition of organic matter and the proposed euphotic zone light inhibition of 
nitrifying bacteria (Olson 1981).  Thus, the simple, positive linear relationship with depth 
observed in this study is likely due to the relatively shallow depth of the system.   
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The negative correlation between dissolved oxygen and Nearshore ammonium 
oxidation may be a result of molecular oxygen (O2) consumption during the oxidation of 
ammonium to nitrite (Andersson and Hooper 1983, Casciotti et al. 2010).  This negative 
relationship between dissolved oxygen and water column nitrification has also been 
observed in various areas, including the Nervion River Estuary (Iriarte et al. 1998) and 
the Indian sector of the Southern Ocean (Bianchi et al. 1997).  Additionally, a negative 
correlation between dissolved oxygen and water column total nitrification rates was 
observed over 30 years ago at Site 1 (Berounsky and Nixon 1990, 1993).  While this 
historical relationship was attributed to a strong positive relationship with temperature 
(and the correlation between water temperature and dissolved gas concentration) our 
Nearshore oxidation rates did not exhibit any relationship with temperature.  The positive 
relationship observed between Nearshore nitrite oxidation rates has not yet been reported 
in other areas.  Yet, the predictive powder of the relationship with dissolved oxygen and 
nitrite oxidation (R
2
 = 0.25) is weak and less robust than other variables (e.g. salinity: R
2
 
= 0.36, and pH: R
2
 = 0.49).  Thus, the positive relationship observed here may simply be 
due to co-correlation of variables, and multivariate regression can be used to determine 
the most important factor as discussed later.   
Nearshore ammonium oxidation rates showed a significant, positive relationship 
with in situ pH (Figure 3.3D).  This trend of decreased ammonium oxidation rates at low 
pH is supported by experimental manipulations that show ammonium oxidation 
inhibition under acidic conditions (Huesemann et al. 2002, Beman et al. 2011, Kitidis et 
al. 2011).  Additionally, this trend may suggest that bacteria are important in the 
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Nearshore ammonium oxidizing community.  Ammonium oxidizing archaea have been 
shown to thrive at lower pH while bacteria dominate at higher pH in soils (Nicol et al. 
2008).  Additionally, a recent study by Bowen et al. (2013) showed that marine 
ammonium oxidizing archea are not sensitive to pH, but bacteria communities are altered 
by acidification. 
However, Nearshore nitrite oxidation rates did not follow the same pattern.  The 
strongest relationship with any single physical variable for Nearshore nitrite oxidation 
region was the negative, exponential relationship with and in situ pH (Figure 3.3H).  This 
negative, exponential relationship with pH is consistent with a recent re-evaluation of 
water column total nitrification rates measured in the Narragansett Bay region close to 
Nearshore sites in the mid-1980s (Fulweiler et al. 2011).  Specifically, Fulweiler et al. 
(2011) found that total nitrification rates increased as pH decreased.  In this current study, 
a similar trend between nitrite oxidation rates and pH was observed.  This finding 
suggests that in the past, this pH/nitrification rate relationship was likely driven primarily 
by nitrite oxidation.  These relationships between Nearshore water column oxidation 
nitrification rates and in situ pH data clearly indicate that in coastal regions, ammonium 
and nitrite oxidation respond in different ways to pH.  Thus, as we continue to evaluate 
how nitrogen cycling will change as seawater pH declines, both nitrifications steps 
should be examined separately.  
When considering the combined influence of all environmental factors on 
Nearshore oxidation rates through multiple regression analysis, the differences between 
environmental conditions regulating ammonium and nitrite oxidation become even 
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clearer.  Nearshore ammonium oxidation rates were most impacted by depth and 
dissolved oxygen concentrations (Table 3.2).  However, Nearshore nitrite oxidation rates 
were most heavily influenced by [H
+
], followed by depth (Table 3.2).  The positive 
relationship with hydrogen ion concentration corresponds to a negative, exponential trend 
with pH.  Again, this trend opposes current experimental evidence based on ammonium 
oxidation that suggest nitrification rates will decline under acidic conditions (Huesemann 
et al. 2002, Beman et al. 2011, Kitidis et al. 2011), but these observations are consistent 
with those previously reported from the Nearshore area (Fulweiler et al. 2011).  While the 
influence of depth on Nearshore nitrite oxidation rates was not statistically significant 
alone, it becomes important when combined with the effects of pH.   
 
Offshore Oxidation Rates: In situ Water Column Influences  
Offshore ammonium and nitrite oxidation rates did not respond to in situ water 
column conditions in the same manner as Nearshore rates.  Offshore ammonium 
oxidation rates did not show simple relationships with dissolved oxygen, depth, or pH 
(Figure 3.4A,B,C).  Combined influence of multiple environmental controls also did not 
yield any statistically significant results.  This multivariate model comparing the 
influence of salinity, temperature, depth, pH, and [NH4
+
] showed that the influence of 
depth alone, though not statistically significant (p = 0.15) was the strongest variable 
potentially regulating ammonium oxidation rates (Table 3.2).  Thus, for this study, the 
environmental variables influencing the rate of Offshore ammonium oxidation remains 
undetermined.   
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However, Offshore nitrite oxidation exhibited trends opposite from those 
observed for Nearshore nitrite oxidation.  Specifically, Offshore nitrite oxidation showed 
a marginally significant (p = 0.06) positive relationship with depth (Figure 3.4D), a 
significant negative relationship with dissolved oxygen (Figure 3.4E), and a significant 
positive relationship with pH (Figure 3.4F).  While a strong increase in nitrite oxidation 
rates with depth has yet to be documented in other marine regions, nitrite oxidation rates 
in the Eastern Tropical North Pacific increased to a maximum at the base of the photic 
zone and only decreased slightly with depth (Beman et al. 2013).  Additionally, total 
water column oxidation rates in the North East Atlantic (Fernandez and Raimbault 2007) 
and the Equatorial Pacific (Raimbault et al. 1999) were high throughout the entire 
euphotic layer.  Thus, the high nitrite oxidation rates at depth throughout the Offshore 
region water column is not uncommon.   
We initially hypothesized that the marginally significant (p = 0.06), positive linear 
relationship with depth was driving the trends observed with dissolved oxygen and pH.  
However, depth and dissolved oxygen were not significantly related (p = 0.21, R
2
 = 
0.19), nor were depth and pH (p = 0.18, R
2
 = 0.22) suggesting that dissolved oxygen and 
pH alone may influence Offshore nitrite oxidation.  A negative relationship between 
water column nitrite oxidation and dissolved oxygen concentration has been reported 
previously in the Southern Ocean (Bianchi et al. 1997).  Additionally, though explicit 
trends with dissolved oxygen were not significant, high nitrite oxidation rates were 
observed in the low oxygen regions of the Namibian oxygen minimum zone (Fussel et al. 
2012) and Eastern Tropical South Pacific (Lipschultz et al. 1990).  Thus, lower oxygen 
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conditions may not always inhibit nitrite oxidation, and may be allowing Offshore rates 
to proceed.   
While the Offshore trend with pH is different from Nearshore, these are the only 
documented relationships between nitrite oxidation rates and pH to date.  This variability 
of nitrite oxidation response to pH may be a product of the microbial community 
adapting to variable in situ pH ranges in the Nearshore and Offshore regions.  Coastal 
zones often experience larger shifts in pH on a diel cycle than open ocean areas 
experience annually, causing relationships between pH and biological processes to differ 
(Duarte et al. 2013).     
Taking into account multiple environmental variables regulating Offshore nitrite 
oxidation rates, salinity, NO2
-
 concentration, and depth dominated the multivariate model.  
The positive impact of salinity is heavily influenced by a single sampling occasion in the 
deep waters of Site 2 at a salinity of 29, while the remaining ammonium oxidation rates 
occurred at salinity ranges from 31.7 – 32.2.   If the effect of salinity is removed from the 
multiple regression model, a combination of all three variables which were individually 
related to Offshore nitrite oxidation (dissolved oxygen, depth, and pH) all are included in 
the best fitting model (Table 3.2).  Thus, it is likely that depth, dissolved oxygen, and pH 
are in fact the dominant variables influencing Offshore nitrite oxidation rates and the 
occurrence of a low salinity event are masking these trends.   
 
Nearshore Oxidation Rates: Benthic Metabolism Influences  
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We can further examine the influence of benthic-pelagic coupling to explain 
differences between ammonium and nitrite oxidation rates in Nearshore and Offshore 
regions.  Similar to in situ water column conditions, sediment biological processes were 
correlated to ammonium and nitrite oxidation rates in different ways that varied with 
location.  Throughout the well-mixed water column of Site 1, ammonium oxidation rates 
were higher when sediment net denitrification rates and sediment oxygen demand were 
low (Figure 3.5A,B).  These trends suggest that sediment removal of reactive nitrogen 
limits substrate (NH4
+
) which can diffuse into the water column for oxidation, and that 
this nitrogen removal is likely dominated by coupled nitrification-denitrification which 
consumes oxygen and ammonium within the sediments.  Site 1 sediment ammonium 
fluxes were not significantly related to water column ammonium oxidation rates.  
However, Site 1 sediment ammonium fluxes were always positive (mean 72 µmol m
-2
   
hr
-1
).  The significant trends with sediment net denitrification and oxygen demand 
suggesting substrate limitation for water column oxidation, yet the consistent occurrence 
of sediment ammonium effluxes suggests that the benthic-pelagic ammonium budget of 
Site 1 is not in balance.   
While coupled nitrification-denitrification and nitrogen removal within the 
sediments may hinder water column ammonium oxidation at Site 1, different trends 
between sediment net denitrification and oxygen demand with nitrite oxidation rates 
(Figure 3.5C,D) were observed.  Site 1 water column nitrite oxidation rates were not 
significantly related to sediment oxygen demand.  However a stronger, positive 
relationship with sediment net denitrification was present.  This positive relationship may 
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be due to coupled nitrification-denitrification occurring in the sediments, with sediment 
ammonium oxidation occurring at rates faster than nitrite oxidation and denitrification.  
These sediment processes would result in an excess of nitrite available to support nitrite 
oxidation in the water column above.  Site 1 consistently exhibited sediment net nitrite 




), which provided over 9 times more nitrite to the water 
column than could then be used in oxidation to nitrate.  In turn, this newly formed nitrate 
could supply the substrate needed to support sediment denitrification.  In fact, we 





suggesting that sediments could supply ~54% of the nitrogen required for sediment 
denitrification.  During this time, however, our measured water column nitrite oxidation 
rates are much too low to support the observed sediment nitrate uptake.  Our observed 
rates could only provide 2% of the observed nitrate sediment uptake.   This imbalance 
between sediment nitrate uptake and water column nitrate production by nitrite oxidation 
may be explained in various ways.  Our measured rates of water column nitrite oxidation 
are perhaps underestimated, but this is unlikely given that tracer additions increased in 
situ substrate concentrations by 13-100% (mean 68%).  Alternatively, Site 1 sediments 
may rely on an outside source of nitrate, perhaps nitrite oxidation that occurs elsewhere 
in the estuarine system.  It is most probable, however, that our rates of water column 
nitrite oxidation and sediment nitrate uptake rates are simply decoupled on the short 24-
hour timescale of experimental incubations, or this apparent decoupling may be an 
artifact of the physically separate water column oxidation rate and sediment core nutrient 
flux measurements.   
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Offshore Oxidation Rates: Benthic Metabolism Influences  
When evaluating the role of sediments in the Offshore region, we only considered 
the deepest sampling locations of Sites 2 and 3 because of the presence of a strong 
thermocline at 12 m depth.  Such strong stratification at Sites 2 and 3 likely limits 
benthic-pelagic coupling to the bottom-most waters.  Offshore, deep water column 
ammonium and nitrite oxidation rates both exhibited negative relationships with sediment 
net denitrification and positive relationships with sediment oxygen demand (Figure 
3.6A,B,C,D).  Like the coastal zone, the negative relationship between sediment net 
denitrification and water column ammonium oxidation suggests that reactive nitrogen 
removal limits potential substrate availability for this process.  While Offshore sediment 





lower sediment ammonium effluxes combined with higher water column ammonium 
oxidation rates suggests that the Offshore benthic-pelagic ammonium budget may be 
more balanced than that of Site 1.  At the same time, the positive relationship between 
sediment oxygen demand and water column ammonium oxidation rates further indicates 
that aerobic decomposition of organic matter within the sediments may be fueling 
ammonium regeneration and efflux, some of which may be used in water column 
oxidation.   
The negative relationship observed between Offshore nitrite oxidation and 
sediment net denitrification is different than the coastal zone.  In this case, Offshore 
sediment ammonium oxidation is likely occurring at a rate similar or slower than 
sediment nitrite oxidation and net denitrification, and sediment nitrite efflux is not 
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available to support water column oxidation.  Offshore sediment nitrite fluxes only 
exhibited an efflux on one occasion (July 2012, Site 3), and this nitrite only accounted for 
<1% of the nitrite oxidized within the water column.  Offshore sediments more often 




).  During times of sediment 
nitrite influx, water column ammonium oxidation rates produced nitrite at rates almost 5 
times that of sediment influx.  Additionally, Offshore sediments exhibited a net sediment 




), which supported ~77% of 
sediment net denitrification.  At this time, water column nitrite oxidation rates provided 
nitrate at rates over 10 times the sediment influx.  These findings indicate that Offshore, 
water column ammonium and nitrite oxidation rates can provide ample substrate for 
sediment net nitrogen removal.   
 
Summary and Conclusions 
From an estuary to the continental shelf break, high rates of water column nitrite 
oxidation highlight this necessary half of nitrification.  Perhaps more importantly, 
ammonium and nitrite oxidation rates are related in different, and at times opposite ways, 
to in situ water column conditions including depth, dissolved oxygen concentrations, and 
pH, and these relationships vary with location (Figure 3.7).  Thus, we suggest that in situ 
environmental controls on nitrification as a whole cannot be determined by evaluating 
one step in one region alone.   
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Additionally, sediment metabolism may also be affecting water column 
ammonium and nitrite oxidation rates in different ways.  We observed relationships 
between sediment net denitrification rates and sediment oxygen demand that also varied 
between water column ammonium and nitrite oxidation and with location (Figure 3.7).  
Further, sediments were a net source of substrate for water column oxidation in some 




 to support 
sediment net nitrogen removal.  Thus, we suggest further investigation of benthic-pelagic 
coupling as a potential regulator of water column ammonium and nitrite oxidation rates.    
Environmental conditions are likely to continue changing as a result of human 
activity, including conditions which this study highlights as important drivers of 
ammonium and nitrite oxidation (e.g. pH, dissolved oxygen, substrate concentration, and 
sediment biogeochemistry).  Therefore, as we consider future changes in water column 
nitrogen cycling, our data suggest that we can no longer apply the lessons learned from 
ammonia oxidation to also predict changes in nitrite oxidation.  Instead, we must consider 
both ammonium and nitrite oxidation separately, and evaluate potential impacts on these 
two processes on varying spatial scales.   
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Table 3.1.  Water column oxidation rates and in situ environmental conditions 
Water column ammonium oxidation (NH4
+
 Ox.) and nitrite oxidation (NO2
-
 Ox.) rates 
from Nearshore and Offshore regions.   Nearshore values include all of Site 1 and the 
euphotic zone of Site 2.  Offshore values include deep waters of Site 2 and all of Site 3.  
Ammonium and nitrite oxidation rates are statistically different between Nearshore and 
Offshore regions (p = 0.011 and p = 0.013, respectively).  Water column environmental 
variables are also presented, including salinity, temperature, depth, dissolved oxygen 





























































Nearshore 1   Jul. 2013 n.d. 0.97 27.3 23.8 4.6 7.23 7.85 0.64 n.d. 0.27
0.03 0.84
0.01 0.53
  Aug. 2013 0.03 0.30 29.4 21.7 4.6 7.73 7.88 0.09 n.d. 0.23
n.d. 0.29
0.02 0.46
  Jun. 2012 0.01 1.14 29.0 20.0 0.7 8.25 7.74 0.45 0.02 0.34
0.01 1.09
0.05 ---- 30.2 19.4 6.0 7.98 7.81 0.43 0.01 0.39
0.04 1.12
  Aug. 2012 0.14 0.25 33.5 25.1 1.7 6.08 7.89 1.51 0.04 0.47
0.20 0.34
0.15 0.32 33.3 25.3 7.7 6.02 7.94 1.38 0.04 0.47
0.22 0.24
2   Jul. 2012 0.01 n.d. 30.7 22.5 1.0 8.50 7.84 0.26 n.d. 0.46
0.02 0.25
0.01 n.d. 30.8 19.4 21.7 9.26 7.85 0.14 n.d. 0.40
n.d. n.d.
  Aug. 2012 0.02 n.d. 32.2 16.6 4.2 7.42 8.15 0.75 0.00 0.72
0.03 n.d.
0.43 0.36 31.6 20.4 22.5 7.05 8.11 0.38 n.d 0.65
0.67 0.15
Offshore 2   Jul. 2012 0.08 1.33 29.1 17.1 35.7 7.91 7.62 3.01 0.21 1.73
0.72 0.56
  Aug. 2012 15.67 99.09 31.7 22.5 40.3 5.59 7.96 1.00 0.55 7.89
9.20 95.53
3   Jul. 2012 0.03 n.d. 32.2 21.3 10.0 8.16 8.03 0.03 n.d. 0.59
0.01 n.d.
16.07 23.07 32.1 17.9 30.0 7.90 7.90 0.78 0.67 1.99
16.84 24.09




Table 3.2.  Nearshore and Offshore oxidation rate multiple regression models 
The following best-fitting multiple regression models for Nearshore and Offshore 
ammonium oxidation (NH4
+
 Ox.) and nitrite oxidation (NO2
-
 Ox.) rates were determined 
by stepwise regression.  The slope term (Estimate) of each variable in the best-fitting 
model, along with the standardized parameter estimate (Std. Est.), which normalizes the 
slopes of each term for ease of comparison, are presented.  Non-significant values (p > 
0.05) are shown in italics.  The Offshore nitrite oxidation model was also run without 




Location Process Variable  Estimate Std. Est. p R
2
p
Nearshore   NH4
+
 Ox.    Depth   0.019      0.79 <0.0001   0.75  <0.0001
   Exp (DO)   3.84*10
-5
   -0.54   0.0006
 NO2
-
 Ox.    [H+]   1.92*10
9
    1.55 <0.0001   0.81  <0.0001
   Depth   0.05     0.95   0.001
Offshore   NH4
+
 Ox.    Depth   0.58     0.49   0.15   0.24    0.15
 NO2
-
 Ox.    Salinity   1081   33.89   0.0001   0.99  <0.0001
   [NO2
-
]  -7503 -32.29   0.0001
   Depth  -35   -6.49   0.0002
*NO2
-
 Ox.    Depth    3.14     0.58 <0.0001   0.99  <0.0001
   pH    144     0.46   0.0005
   DO  -14.2   -0.34   0.0018




Table 3.3.  Global water column ammonium and nitrite oxidation rates 
Summary of concurrently measured water column ammonium and nitrite oxidation rates 
from around the globe.  Locations where nitrite oxidation rates were higher than 
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+
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Black Sea 5 - 50 48 - 240
15
N tracer Ward & Kilpatrick 1991
Eastern Tropical S Pacific 0 - 280 0 - 600
15
N tracer Lipschultz et al. 1990
Eastern Tropical S Pacific 0 - 89 0 - 928
15
N tracer Kalvelage et al. 2013
Mediterranean Sea 60 - 275 60 - 170
14
C incorp. Bianchi et al. 1999
N Atlantic Gyre 1.3 - 5.5 0.3 - 12
15
N dilution Clark et al. 2007
N Pacific Ocean, ALOHA 1 - 123 n.d.
14
C incorp. Dore & Karl 1996
N Pacific Ocean, ALOHA 1 - 137 0 - 138.0 Assay Dore & Karl 1996
NE Pacific (British Columbia) 0 - 319 0 - 478 Inhibitor Grundle & Juniper 2011
NE Pacific (S. California Coast) 0 - 14 0 - 79
15
N tracer Olson 1981
NE Pacific (S. California) 0 - 45 0 - 110
15
N tracer Ward 1987
NW African Upwelling (1% PAR) 1.2 - 2.4 0 - 8.3 
15
N tracer Clark et al. 2008
NW African Upwelling (55% PAR) 2.0 - 5.5 0.3 - 4.1
15
N tracer Clark et al. 2008
NW Atlantic (Chesapeake Bay) 70 - 83000 380 - 35000
15
N tracer Horrigan et al. 1990
NW Atlantic (New England) 0 - 20 0 - 99
15
N tracer This study
NW Mediterranean 230 - 570 140 - 350 Inhibitor Feliatra & Bianchi 1993
NW Mediterranean 230 - 2200 140 - 1430 Inhibitor Bianchi et al. 1994
NW Mediterranean 120 - 4200 120 - 2304 Inhibitor Bianchi & Feliatra 1999
Oligo./Equat. Altantic (1% PAR) 0 - 9.8 1 - 31
15
N tracer Clark et al. 2008
Oligo./Equat. Altantic (55% PAR) 0.1 - 9.2 0.4 - 12.3
15
N tracer Clark et al. 2008
SE Atlantic (Namibian Coast) 10 - 125 14 - 330
15
N tracer Fussel et al. 2012
Southern Ocean 20 - 80 6 - 53
14




Figure 3.1.  Southern New England site map  
Locations off the Southern New England coast where water column and intact sediment 
core samples were collected.  Site 1 was sampled four times (June 2012, August 2012, July 
2013, August 2013), Site 2 was sampled twice (June 2012, August 2012), and Site 3 was 





Figure 3.2.  Water column oxidation rate principal components analysis 
Principal components analysis for water column ammonium (A) and nitrite (B) oxidation 
including: oxidation rates (NH4
+
 Ox. or NO2
-
 Ox.), temperature (Temp), salinity, pH, 
dissolved oxygen (DO), water column depth (Depth, m), distance from shore (Distance, 













).  Site 1, 2, and 3 oxidation rates are white, 
grey, and black, respectively.  Nearshore rates are represented by circles.  Offshore rates 
are represented by squares.   
(A)  Ammonium oxidation principal component 1 (PC1) is dominated by nitrite 
concentration, ammonium oxidation rate, depth, and nitrate concentration.  Principal 
component 2 (PC2) is dominated by dissolved oxygen, temperature and salinity.  
Together, PC1 and PC2 account for almost 62% of the variance in the ammonium 
oxidation dataset.  
(B)  Nitrite oxidation PC1 is dominated by nitrite concentration, depth, nitrite oxidation 
rate, and nitrate concentration.  PC2 is dominated by dissolved oxygen, pH, and 
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Figure 3.3.  Nearshore water column oxidation rates vs. in situ conditions 
(A) Nearshore ammonium oxidation rates (NH4
+ 
Ox, open circles) are exponentially, 
positively related to salinity (p = 0.003, R2 = 0.41, n = 19) and linearly, positively related 
to (B) sampling depth (p = 0.001, R2 = 0.47, n = 19).  (C) Nearshore ammonium oxidation 
rates show a negative exponential relationship with dissolved oxygen (DO, p = 0.0003, R2 
= 0.54, n = 19).  (D) pH is linearly, positively related to Nearshore ammonium oxidation 
rates (p = 0.02, R2 = 0.30, n = 19).   
(E) Nearshore nitrite oxidation rates (NO2
-
 Ox, closed circles) exhibit a linear, negative 
relationship with salinity (p = 0.01, R2 = 0.36, n = 16), but (F) do not exhibit a significant 
relationship with depth.  (G) Unlike ammonia oxidation, Nearshore nitrite oxidation rates 
are positively, linearly related to DO concentrations (p = 0.05, R2 = 0.25, n = 16).  (H) 
Nearshore nitrite oxidation rates show a strong, negative exponential relationship with pH 
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Figure 3.4.  Offshore water column oxidation rates vs. in situ conditions 
 (A) Offshore ammonium oxidation rates (NH4
+
 Ox, open squares) do not exhibit 
significant relationships with depth, (B) dissolved oxygen (DO), or (C) pH.   
(D) Offshore nitrite oxidation rates (NO2
- 
Ox, closed squares) exhibit a marginally 
significant positive linear relationship with depth (p = 0.06, R
2
 = 0.48, n = 8 ).  (E) 
Dissolved oxygen concentrations are negatively linearly related to Offshore nitrite 
oxidation rates (p = 0.03, R
2
 = 0.57, n = 8).  (F) pH is positively, linearly related to 
Offshore nitrite oxidation rates (p = 0.04, R
2
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Figure 3.5.  Site 1 water column oxidation rates vs. sediment metabolism 
 (A) Site 1 ammonium oxidation rates (NH4
+
 Ox, open circles)  exhibit a moderately 
significant negative natural logarithmic relationship with sediment net denitrification 
(DNF) rates (p = 0.10, R
2
 = 0.24, n = 12), and (B) display a strong, negative linear 
relationship with sediment oxygen demand (SOD) (p < 0.0001, R
2
 = 0.85, n = 12).   
(C) Site 1 nitrite oxidation rates (NO2
-
 Ox, closed circles) exhibit a marginally significant 
positive natural logarithmic relationship with sediment net DNF (p = 0.06, R
2
 = 0.28, n = 

















































Figure 3.6.  Offshore deep water nitrite oxidation rates vs. sediment metabolism 
 (A) Offshore deep water ammonium oxidation rates (NH4
+
 Ox, open squares) exhibit a 
negative exponential relationship with sediment net denitrification (DNF) rates (p = 
0.009, R
2
 = 0.85, n = 6) and (B) a marginally significant positive exponential relationship 
with sediment oxygen demand (SOD) (p = 0.09, R
2
 = 0.54, n = 6).   
(C) Offshore deep water nitrite oxidation rates (NO2
-
 Ox, closed squares) exhibit a 
negative linear relationship with sediment DNF (p = 0.0001, R
2
 = 0.98, n = 6) and (D) a 
positive linear relationship with SOD (p = 0.03, R
2
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Figure 3.7.  Summary diagram: effects of in situ conditions and sediment metabolism on 
water column ammonium and nitrite oxidation rates 
Relationships between water column ammonium and nitrite oxidation rates and in situ 
water column conditions or sediment metabolism.  Nearshore sampling locations are 
marked as yellow circles, Offshore as red circles.  Sampling locations that are compared 
to benthic metabolism are marked with an asterisk (*).   
Significant relationships (p ≤ 0.05) between ammonium oxidation (white arrows) or 
nitrite oxidation (grey arrows) rates and in situ conditions or sediment metabolism are 
shown.  Smaller arrows indicate marginally significant (p ≤ 0.10) relationships.   
Upward-pointing arrows indicate a positive relationship while downward-pointing arrows 




APPENDIX A: Oxic estuarine water column as a source and sink of nitrous oxide 
E.M. Heiss and R.W. Fulweiler 
 
Abstract 
Nitrous oxide, a potent greenhouse gas, can be naturally produced and consumed 
through various microbially-mediated nitrogen (N) cycling pathways.  As many of these 
N cycling pathways are sensitive to oxygen, dissolved oxygen concentrations have 
classically been considered a key regulatory factor controlling N2O production or 
consumption.  Thus, the study of N2O in marine water columns has largely been 
constrained to oxic-suboxic transitions and oxygen minimum zones.  However, recent 
discovery of several N2O production and consumption mechanisms in aerobic 
environments suggests that oxic water columns cannot be overlooked.   
We investigated water column N2O, ammonium (NH4
+
) oxidation, and nitrite 
(NO2
-
) oxidation rates in an oxic, well-mixed temperate estuary.  We observed that this 
oxic estuarine water column can be both a net source and sink of N2O, with average 
production and consumption rates ranging from 1.45 ± 0.63 to -0.73 ± 0.52 nM d
-1
.   N2O 
production and consumption rates were not significantly related to water column NH4
+
 
oxidation rates, indicating that N2O production via hydroxylamine intermediate is not the 
dominant N2O producing process.  N2O production and consumption rates were 
significantly, positively related to water column NO2
-
 oxidation rates and nitrate (NO3
-
) 
concentration.  Thus, we suggest water column NO2
-
 oxidation and the NO3
-
 formed by 
this process may regulate whether aerobic denitrifiers consume NO3
-
 or N2O as substrate.  
We further hypothesize that N2O production or consumption is ultimately controlled by 
  
182 





 concentrations.   
 
Introduction 
 Nitrous oxide (N2O) is a powerful greenhouse gas with a global warming 
potential approximately 300 times that of carbon dioxide (CO2) (IPCC 2007).  
Additionally, N2O has an atmospheric residence time of approximately 114 years, and is 
the main contributor to stratospheric ozone depletion (IPCC 2007).  Due to this potency, 
even small amounts of N2O released or consumed in the environment can play a crucial 
role in climate alterations.  In recent decades, humans have increased global N2O 
emissions by adding reactive nitrogen to the biosphere via agriculture and fossil fuel 
combustion (Seitzinger et al. 2000, Kroeze et al. 2005).  Thus, it is now more important 
than ever to understand how N2O can be cycled within and potentially removed from 
ecosystems.   
Many natural sources and sinks of N2O are found in the microbial-mediated 
nitrogen cycle, as several biogeochemical pathways can produce and consume N2O 
(Figure A.1).  N2O can be produced during the first step of nitrification – the aerobic 
microbial conversion of ammonium (NH4
+
) to nitrite (NO2
-
).  During NH4
+
 oxidation to 
NO2
-
, the hydroxylamine (NH2ON) intermediate can be produced, which may then be 
oxidized to N2O as a byproduct (Hooper & Terry 1979).  Ammonium oxidation carried 
out by both bacteria and archaea have been shown to produce N2O in natural 
environments (Santoro et al. 2010, Loescher et al. 2012).  Another N2O production 
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pathway in the nitrogen cycle is denitrification – the classically anaerobic microbial 
conversion of biologically usable NO3
-
 to inert dinitrogen gas (N2) (Burgin & Hamilton 
2007).  However, the reduction of NO3
-
 to N2 is often halted at the obligatory 
intermediate, N2O, and thus denitrification can act as an N2O source.  Recently, the 
definition of nitrifier-denitrification added another N2O production pathway to the 





 (i.e. carry out the first step of nitrification) and also utilize this 
newly-formed NO2
-
 and reduce it to NO, N2O and N2.  To date, both autotrophic and 
heterotrophic ammonium oxidizers are known to be capable of nitrifier-denitrification 
(Wrage et al. 2001, Stein 2011), and this process is currently thought to substantially 
contribute to global N2O budgets (Wrage et al. 2001, Frame & Casciotti 2010). 
 Not only can N2O be produced during the denitrification process, but it can also 
be consumed.  Denitrifying organisms can act as a sink for N2O by using this gas as 
substrate instead of NO3
-
 (Miller et al. 1986).  Another N2O sink in the nitrogen cycle is 
the biological assimilation of N2O into particulate organic nitrogen (PON) (Farias et al. 
2013).  This process of N2O assimilation can be carried out in a process similar to 
nitrogen fixation (i.e. biological assimilation of N2), as the nitrogenase enzyme can use 
many substrates including N2O, NO2
-
, acetylene, and azide (Riveraortiz & Burris 1975, 
Jensen & Burris 1986, Vaughn & Burgess 1989, Farias et al. 2013).   
Aquatic biogeochemical nitrogen cycling plays a crucial role in global N2O 
budgets (Seitzinger & Kroeze 1998, Seitzinger et al. 2000, Kroeze et al. 2005, Freing et 
al. 2012, Bouwman et al. 2013).  Global subsurface ocean waters may produce up to 3.4 
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Tg of N2O per year (Freing et al. 2012), while rivers and estuaries worldwide may 
produce 1.5 Tg of N2O per year (Kroeze et al. 2005).  However, a concrete understanding 
of N2O cycling in coastal regions is unknown.  Coastal zones have been estimated to 
contribute anywhere from 7  to 61% of marine N2O emissions (Bange 2006).  These 
estimates of global N2O emissions spanning across an order of magnitude highlight the 
fact that study of N2O production in coastal regions is severely needed.   
Additionally, increased anthropogenic nutrient loading in coastal zones has 
fundamentally altered the cycling of N2O in these ecosystems.  In fact, 91% of global 
estuarine N2O emissions have been linked to human nitrogen loads (Seitzinger et al. 
2000), and this number may be on the rise with total anthropogenic nitrogen inputs.  
Increased human nutrient loading can also lead to coastal hypoxia or anoxia, the 
condition of having little or no oxygen present.  Oxygen concentrations are often 
regarded as the regulating factor of N2O production or consumption, as different N2O 
cycling pathways are favored in oxic (nitrification) or anoxic (denitrification) 
environments (Bange 2008).   
Due to this oxygen sensitivity, many investigations of marine water column N2O 
are focused in oxygen minimum zones and oxic-suboxic interfaces (Yoshinari et al. 1997, 
Naqvi et al. 1998, Yamagishi et al. 2005, Yamagishi et al. 2007, Bourbonnais et al. 
2013).  Studies of N2O production or consumption in permanently oxic water columns 
are extremely limited.  However, as oxic water columns comprise the majority of the 
oceans worldwide, even small rates of N2O production or consumption in these regions 
could dramatically alter the global fixed nitrogen budget (Codispoti 2007).   
  
185 
One of the main N2O producing and consuming processes, denitrification, is now 
known to occur in oxic environments and aerobic denitrification is likely widespread 
(Zehr & Ward 2002).  Aerobic denitrification has been observed in culture studies and is 
known to both form (Robertson & Kuenen 1984, Lloyd et al. 1987, Robertson et al. 1995, 
Zheng et al. 2012) and consume N2O (Miyahara et al. 2010).  Additionally, aerobic 
denitrification has been observed in many natural environments, including agricultural 
soils (Bateman & Baggs 2005), freshwater sediments (Carter et al. 1995), and permeable 
marine sediments (Rao et al. 2007, Gao et al. 2010).  Recently, denitrification was 
documented in oxic marine water columns (Yoshida et al. 1989, Michotey & Bonin 1997, 
Yamagishi et al. 2005, Li et al. 2006).  The ability of some nitrogen-fixing organisms 
such as cyanobacteria to also consume N2O in oxic surface waters further supports the 
need to investigate aerobic water column N2O dynamics (Farias et al. 2013).   
 We measured changes in dissolved N2O concentrations in an oxic, well-mixed 
estuarine water column.  At the same time, we also measured rates of both steps of water 
column nitrification – ammonium oxidation and nitrite oxidation.  Our aim was to 
determine if N2O is produced as a byproduct of ammonium oxidation in the oxic 
estuarine water column, and if there existed a link between nitrite oxidation and N2O.  




 oxidation rates and in situ 
environmental variables, we developed a conceptual model of detailing how dissolved 




, regulate estuarine oxic 





Water samples were collected from Narragansett Bay, Rhode Island, USA.  
Narragansett Bay is a 234 km
2
 temperate, well-mixed phytoplankton-based ecosystem 
with a mean water depth of 8.7m (Nixon et al. 2009).  Surface water samples were 
collected in February 2013 off the dock of the University of Rhode Island Graduate 
School of Oceanography (Figure A.2, black square).  In July and August 2013, water 
samples were collected from mid-Narragansett Bay at a depth of approximately 5m 
(Figure A.2, black circle).  Immediately upon water collection, in situ temperature, 
salinity, pH, and dissolved oxygen concentrations were determined using a HACH 
HQ40d meter and probes.  Water samples for in situ dissolved inorganic nitrogen 




), and nitrate (NO3
-
)] were also 
immediately collected, filtered using glass-fiber filters, and frozen until further analysis.  
DIN concentrations were analyzed using standard colorimetric techniques (Grasshoff 
1976) and a Varian Cary 100 Bio UV-Vis spectrophotometer.  
Water samples were brought back to the laboratory and allowed to sit overnight, 
uncovered, with air gently bubbling the surface in an environmental chamber. February 
samples were incubated at approximately mean summer temperature (20.5°C), while July 
and August samples were incubated at in situ temperature.  Water temperature, salinity, 
pH, and dissolved oxygen concentration were measured again immediately before 
incubation, and additional samples for DIN were also collected, filtered, and frozen.   
Water samples were transferred into 6 1-L gas-tight tedlar bags.  Air bubbles were 
removed, and bags were weighed.  Rates of ammonium (NH4
+





oxidation were measured separately in triplicate bags using stable isotope (
15
N) tracers.  
15
N tracers and 
14
N carriers were added to each bag through septa injection in 
approximate final concentrations of 100 nM and 200 nM, respectively (Ward 2005).  
15
NH4Cl (99%, Cambridge Isotope) and Na
14
NO2 were added as tracer and carrier, 
respectively, to triplicate bags to measure rates of NH4
+
 oxidation.  Na
15
NO2 (98+%, 
Cambridge Isotope) and KNO3 were added as tracer and carrier to triplicate bags to 
measure rates of NO2
-
 oxidation.  After tracers and carrier pairs were added, each bag 
was mixed gently by hand.  Initial samples for 
15
N analysis were collected, filtered using 
0.2µ nylon filters, and frozen for later analysis.  Bags were incubated in the dark for 24 
hours.  After 24 hours, a final sample for 
15





 oxidation rates were calculated by measuring the accumulation of 
15
N tracer in the product pool.  Thus, for NH4
+
 oxidation rates, 
15
N content of the NO2
-
 
pool was analyzed, and for NO2
-
 oxidation rates, 
15
N content of NO3
-
 was measured.  The 
15




 pools were measured by reducing NO2
-
 to N2O gas 
using sodium azide (McIlvin & Altabet 2005, Mackey et al. 2011, Newell et al. 2011).  
Briefly, for NH4
+
 oxidation rates, 7.5 mL of water sample was placed into a 12 mL 
exetainer (Labco, UK) and capped.  0.25 mL of 1:1 (v:v) 2M sodium azide: 20% acetic 
acid solution was added through the septa and allowed to react at 30°C for 1 hour, during 
which NO2
-
 was reduced to N2O gas.  The reaction was stopped by adding 0.15mL of 
10M sodium hydroxide through the septa.  For NO2
-
 oxidation rates, all in situ NO2
-
 had 
to first be removed, and then NO3
-
 reduced to NO2
-
 .  In situ NO2
-
 was removed by adding 
0.4M sulfamic acid to 25mL of sample, and neutralized with 0.125 mL of 2M sodium 
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hydroxide after 10 minutes (Granger & Sigman 2009).  Then, 100 mg of magnesium 
oxide, 6.6 g of sodium chloride, and 0.75 g of acidified cadmium powder were added to 
the sample and shaken for 17 hours (McIlvin & Altabet 2005, Ryabenko et al. 2009); 
during this time, NO3
-
 was reduced to NO2
-
.  Samples were then centrifuged at 2000 rpm 
for 15 minutes.  7.5 mL of supernatant liquid were treated with azide as described above.   
Isotopic analysis of the resulting N2O gas from azide reduction was measured on 
a ThermoFinnigan GasBench + PreCon trace gas concentration system interfaced to a 
ThermoScientific Delta V Plus isotope ratio mass spectrometer (Bremen, Germany) at the 
University of California Stable Isotope Facuilty (N2O limit of quantitation ~150pmol, 
long term standard deviation 
15N:0.1‰).  The N2O concentration of each sample was 
corrected for azide reduction efficiency, and NO2
-
 oxidation rate samples were also 




 efficiency.  Oxidation rates were 
calculated by determining the atom% enrichment of the product pool after the 24 hour 
incubation and corrected for the source pool tracer dilution (Carini & Joye 2008). 
NH4
+
 oxidation rates were calculated as:  
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 oxidation rates were calculated as: 
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 During the incubation, water samples were also collected to measure dissolved 
N2O gas concentrations.  Water samples were removed from the tedlar bags using tygon 
tubing without introducing air bubbles and placed into 12 mL exetainer vials (Labco 
UK).  Exetainer vials were filled without air headspace, and samples were poisoned with 
saturated zinc chloride solution.  During February 2013 incubation, initial and final 
samples for N2O gas were collected.  During July and August incubation, water samples 
were collected at 4 time points.  N2O gas concentrations were measured on a Shimadzu 
GC-2014.  5 mL of water was removed from each exetainer, and replaced with 5 mL of 
helium (He) gas through the septa.  After equilibration of the water sample with the He 
gas, gas samples were injected into the gas chromatograph.   
 Water column production and consumption rates of N2O gas were determined my 
linear regression.  Concentrations of dissolved N2O gas from each sample were plotted 
against incubation time.  Significant fluxes were determined by an R
2 ≥ 0.65.  N2O fluxes 
with an R
2 
< 0.65 were regarded as statistically insignificant, and these values were 









 oxidation rates were calculated from the triplicate treatment bags.  Non-detectable 
rates of NH4
+
 oxidation (1 each in July and August) were excluded from this analysis.  
Since water samples were unfiltered and not treated with any specific inhibitor, it was 
assumed that background rates of all nitrogen-cycling biogeochemical processes were the 
same in each bag, regardless of which specific 
15
N tracer was added.  Therefore, monthly 
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mean N2O production and consumption rates were calculated using all 6 bags from each 
incubation.   
Analysis of variance (ANOVA) and Tukey-Kramer honestly significant 
differences tests were used to determine statistical differences between N2O production 
and consumption rates, NH4
+
 oxidation rates, and NO2
-
 oxidation rates from each month.  
Simple regression analysis with statistical significance determined by a criterion of p ≤ 
0.05 was used to determine relationships between individual N2O production and 
consumption rates from all 6 bags from each month and environmental parameters, 







]).  Stepwise multiple regression using minimum 
Akaike’s Information Criteria (AIC) was used to determine the best fitting model 
between N2O production and consumption rates and these environmental parameters 
(Akaike 1974, Graham 2003).  Simple regression analysis was also performed to 
determine if there existed a relationship between N2O production and consumptions rates 
and NH4
+




 tracer treatment were used.  Similarly, NO2
-
 oxidation rates and N2O production 




 tracer treatment were 
compared.   
 
Results 
 Narragansett Bay water samples exhibited both N2O production and consumption.  
In February 2013, the water column was a net source of N2O gas, with a mean rate of 
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1.45 ± 0.63 nM d
-1
 (Figure A.3).  However, the water column was a net sink of N2O in 
July and August 2013, with mean rates of -0.64 ± 0.0.65 nM d
-1
 and -0.73 ± 0.52 nM d
-1
, 
respectively (Figure A.3).  Rates of N2O consumption in summer months were not 
statistically different.  The rate of N2O consumption in August was significantly different 
than N2O production in February (p = 0.05), and rates of consumption in July were 
marginally significantly different from February production (p = 0.06). 
NH4
+
 oxidation rates in February (0.15 ± 0.01 nM d
-1
) were significantly higher 
than NH4
+
 oxidation rates in July (0.020 ± 0.007 nM d
-1
, p = 0.001) and August (0.025 ± 
0.001 nM d
-1
, p = 0.001) (Figure A.3).  July and August NH4
+
 oxidation rates are not 
significantly different from each other (p = 0.92).  Rates of NO2
-
 oxidation were also 
highest in February (2.08 ± 0.10 nM d
-1
) and decreased in July (0.78 ± 0.13 nM d
-1
) and 
August (0.35 ± 0.06 nM d
-1
) (Figure A.3).  NO2
-
 oxidation rates were significantly 
different across all months (Feb:Jul p = 0.0002; Feb:Aug p < 0.0001; Jul:Aug p = 0.05).   
 N2O production and consumption rates did not exhibit a significant relationship 
with NH4
+
 oxidation rates (Figure A.4A).  However, N2O production and consumption 




 = 0.63, p = 0.01, n 
= 9) (Figure A.4B).  N2O production and consumption rates also exhibited a significant, 




 = 0.36, p = 0.008, n = 18).  
A significant relationship was not observed between N2O production and consumption 





].  Multiple regression analysis including all of these environmental parameters 
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confirmed that the linear relationship with NO3
-
 concentration alone best described N2O 
production and consumption rates.   
 
Discussion 
 Our oxic water column measurements can be considered as a summer “snapshot” 
of N2O cycling dynamics and nitrification in Narragansett Bay.  While samples were 
collected in February 2013, these incubations were carried out at approximately mean 
summer 2012 temperature (20.5 °C).  July and August 2013 incubation temperatures 
(23.8 °C and 21.7 °C, respectively) were very close to February incubation conditions, 
and temperature was not significantly related to water column net N2O production or 
consumption rates.  Thus, while in situ temperature differed among sampling months, we 
cannot definitively link N2O production or consumption rates to a seasonal cycle at this 












)].   
Narragansett Bay water column N2O production and consumption rates were not 
significantly related to net water column NH4
+
 oxidation rates (Figure A.4A) or in situ 
NH4
+
 (substrate needed for this oxidation process).  This lack of clear relationships 
suggests that production of N2O via the hydroxylamine intermediate during NH4
+
 
oxidation is not the dominant N2O production pathway in our oxic estuarine water 





 oxidation, which then produces N2O.  This N2O 
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may remain in the water column as seen during February, or may subsequently be 
consumed as observed in July and August.  In fact, nitrifier-denitrification has been 
reported to produce up to 87% of N2O in ammonia-oxidizing bacterial cultures (Frame & 
Casciotti 2010).  Further, the N2O potentially produced during nitrifier-denitrification in 
our samples may be carried out by heterotrophic organisms.  Studies have shown  many 
heterotrophic nitrifiers are capable of denitrification to consume NO2
-
 and produce N2O 
(Stein 2011), and N2O produced by heterotrophic nitrification is higher than N2O 
produced via autotrophic nitrification under oxic conditions (Bange 2008).   
During all months, rates of water column NO2
-
 oxidation were higher than NH4
+
 
oxidation and were much closer to the N2O production and consumption rate scale 
(Figure A.3).  The occurrence of NO2
-
 oxidation outpacing NH4
+
 oxidation in the water 
column of this region is not surprising, as it has previously been reported by Heiss and 
Fulweiler (Chapter 3 of this work).  NO2
-
 oxidation rates were highest when in situ NO2
-
 
concentrations were high (February, 0.086 µM), and were lower when in situ NO2
-
 
concentrations were non-detectable (July and August).  Due to the presence of these non-
detectable concentrations, we did not observe a significant relationship between N2O 
production and consumption rates and in situ NO2
-
.  However, water column NO2
-
 
oxidation rates were positively, significantly related to N2O production and consumption 
rates (Figure A.4B).  Additionally, N2O production and consumption rates are also 
positively, significantly related to in situ NO3
-
 concentrations, the product of NO2
-
 
oxidation.  Rates of N2O production were observed at higher NO3
-
 concentrations (1.35 
and 0.27 µM NO3
-





 concentration (0.23 µM NO3
-
).  Thus, we suggest that substrate availability (NO3
-
) 
from water column NO2
-
 oxidation may regulate aerobic water column denitrification, 
which in turn can be the key factor in controlling whether the water column is a net 
source or sink of N2O. 
We hypothesize that when NO2
-
 oxidation rates are high such as observed in 
February, the high concentration of NO3
-
 produced by water column NO2
-
 oxidation can 
then used by denitrifiers in the water column.  These denitrifying organisms can in turn 
contribute to N2O production if denitrification does not proceed all the way to N2.  
Denitrifying organisms may halt NO3
-
 reduction at N2O instead of continuing to N2 
because each subsequent reduction step in denitrification is less energetically favorable.  
Thus, in the NO3
-
 replete waters, denitrifiers may prefer to use NO3
-
 over N2O as 
substrate.  Although denitrification is classically considered an anaerobic process, aerobic 
denitrification has been documented in marine permeable sediments (Rao et al. 2007, 
Gao et al. 2010) and water columns (Yoshida et al. 1989, Michotey & Bonin 1997, 
Yamagishi et al. 2005, Li et al. 2006, Wyman et al. 2013).   Many strains of evidence 
including now link N2O production in aerobic water columns to denitrification.  For 
example, nitrogen to phosphorous remineralization ratios (N:P ~10) much lower than the 
Redfield ratio (N:P ~16) found in the deep oxic waters of the Indian ocean could only be 
attributed to conversion of organic matter to N2, N2O, and NO via denitrification (Li et al. 




O) can be used to 
determine the pathways which produce N2O.  The 
15
N values of N2O produced in the 
western North Pacific matched the 
15
N values of the NO3
-
 pool, suggesting that N2O was 
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also produced via denitrification in this region (Yoshida et al. 1989).  Further study in the 
oxic North Pacific found 
18
O and the site preference of the oxygen molecule in N2O to be 
inconsistent with patterns that would arise from nitrification, and thus was able to trace 
N2O production to denitrification (Yamagishi et al. 2005).   
Conversely, when NO2
-
 oxidation rates and in situ NO3
-
 concentrations are low as 
observed in July and August, we hypothesize that aerobic denitrifiers in the water column 
may act as a net N2O sink.  In low NO3
-
 conditions, denitrifying organisms have been 
shown to use N2O as a terminal electron acceptor (Miller et al. 1986).  Recently, nosZ, 
the gene which encodes for the nitrous oxide reductase enzyme to reduce N2O to N2, has 
been observed in the Arabian Sea (Wyman et al. 2013).  However, the presence of 
denitirifying bacteria which possessed this nosZ gene was not confined to oxygen-
depleted waters (Wyman et al. 2013).  nosZ was detected at the base of the mixed layer in 
nutrient-poor oxic regions, and in fact the highest concentration of this gene which can 
consume N2O was found well outside of the oxygen minimum zone in oxic waters 
(Wyman et al. 2013).  Thus, denitrifiers acting as a sink for N2O in marine regions are not 
necessarily limited to oxygen minimum zones, but may occur in oxic water and 
potentially estuarine areas.   
 Another pathway which may contribute to the N2O consumption rates observed in 




 are low is the assimilation of N2O by 
nitrogen-fixing organisms, which thrive under low nitrogen conditions.  Marine 
cyanobacteria have been shown to assimilate N2O in field environments and cultures 
(Farias et al. 2013).  In situ marine N2O fixation rates in the Eastern South Pacific Ocean 
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 (mean of 0.522 
± 1.06 nM d
-1
) (Farias et al. 2013), rates well within the range of our observed N2O 
consumption.  Since N2O and N-fixation are both carried out by same gene (nifH) which 
encodes for the non-selective nitrogenase enzyme, it may not be uncommon for marine 
diazotrophs to utilize N2O (Farias et al. 2013).  In fact, assimilating N2O instead of N2 
may be more energetically favorable for organisms, as the energy required to break the 
N-N bond of N2O is only half of the energy required to break the N2 bond (Shestakov & 
Shilov 2001, Farias et al. 2013).   
 It is likely that aerobic denitrification and N-fixation may be co-occurring to drive 
the N2O consumption rates we observe.  The nosZ isolated gene from the Arabian Sea 
which reduces N2O was found alongside laboratory cultures of nitrogen-fixing species 
Trichodesmium and Crocosphaera (Wyman et al. 2013).  Not only may these 
photoautotrophic organisms assimilate N2O instead of N, but their filamentous nature 
may also provide microniches of anoxic conditions for anaerobic denitrifiers to also 
thrive and consume N2O (Wyman et al. 2013).  Cyanobacteria are ubiquitous in the 
marine environment, and under conditions of nitrogen limitation, such as July and August 
our estuarine ecosystem, N-fixers who can either assimilate N2O or allow for anaerobic 
mircozones of denitrification to consume N2O may thrive.   





, ultimately regulate the pathways producing 
and consuming N2O in our oxic, estuarine water column (Figure A.5).  We have shown 
that rates of water column NO2
-







 replete conditions (0.086 and 1.35 µM, respectively), and lower rates occurring 




  are depleted (n.d and 0.23 µM, respectively).  We have also 
shown that NO2
-
 oxidation is likely to be a key factor in regulating rates of N2O 
production and consumption based on the strong relationship we observe between rates of 
water column NO2
-
 oxidation and N2O production and consumption.   
 During months when in situ NO2
-
 concentrations are high, NO2
-
 substrate is 
available for water column oxidation.  At the same time, higher rates of NO2
-
 oxidation 
also produce ample NO3
-
 to be used as substrate for aerobic denitirifers, which in turn can 
also produce N2O (Figure A.5).  We observed this trend in February 2013, but may also 





concentrations in Narragansett Bay during February 2004 to 2009 were also high, 
averaging 0.34 and 2.45 µM respectively.   
However, when in situ NO2
-
 concentrations and NO2
-
 oxidation rates are low, 
little NO3
-
 is produced and thus NO3
-
 is also depleted.  In this case, the aerobic 
denitrifiers may have adapted to use N2O produced via other processes in the water 
column as substrate (Figure A.5).  Additionally, the low in situ dissolved inorganic 
nitrogen concentrations may at the same time also lend themselves to increasing the 
abundance of N-fixers in the water column, which can also consume N2O.  This pattern 
was observed in our July and August 2013 sampling, and we again may predict that net 





concentrations in Narragansett Bay were also much lower than in February, averaging 




 We have shown that an oxic, estuarine water column can both produce and 
consume N2O.  Processes dominating N2O production in our study region are likely 
aerobic denitrification and potentially nitrifier-denitrification.  Aerobic denitrification and 
N2O assimilation by N-fixing organisms likely provide the pathways for N2O 
consumption.  These N2O production and consumption rates are closely related to NO2
-
 
oxidation rates, and the water column shifts from a net source to sink of N2O.   We 




 availability.     
 As anthropogenic impacts continue to cause intense changes in coastal marine 
ecosystems, we cannot overlook the importance of oxic estuarine systems.  These regions 
may play a crucial, and previously unrecognized, role in global N2O budgets.  
Importantly, as humans continue to alter nutrient loads to coastal regions locally, and the 




 concentrations) regulating whether 
oxic estuarine water columns are a source or sink of N2O may also change.  Therefore, 
we call for urgent, further investigation of processes regulating estuarine water column 
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Table A.1.  Water column oxidation, N2O, and in situ conditions 
Water column ammonium oxidation (NH4
+
 Ox.), nitrite oxidation (NO2
-
 Ox.), and 
ammonium oxidation inhibited with allylthiourea (NH4
+
 Ox. + ATU) rates presented with 
concurrently-measured nitrous oxide (N2O) production or consumption rates (all in units 
of nM d
-1
).  Incubation temperature (Temp, °C), dissolved oxygen (DO, mg L
-1
), salinity 
(ppt), pH, ammonium concentration ([NH4
+]
, µM), nitrite concentration ([NO2
-
], µM), 
and nitrate concentration ([NO3
-


















Temp     
(°C)


















Mid NBay Aug 2013 NH4
+
 Ox 0.027 -1.3046 21.7 7.73 29.4 7.88 0.09 n.d. 0.23
NH4
+
 Ox n.d. 0.0000
NH4
+
 Ox 0.024 0.0000
NO2
-
 Ox 0.296 0.0000
NO2
-
 Ox 0.290 -3.0816
NO2
-
 Ox 0.458 0.0000
NH4
+
 Ox + ATU n.d. 0.0000
NH4
+
 Ox + ATU 0.027 0.0000
NH4
+
 Ox + ATU 0.028 1.9440
Mid NBay Jul 2013 NH4
+
 Ox 0.013 -1.9152 23.8 7.23 27.3 7.85 0.64 n.d. 0.27
NH4
+
 Ox n.d. -1.8288
NH4
+
 Ox 0.027 1.6272
NO2
-
 Ox 0.840 0.1685
NO2
-
 Ox 0.969 0.3744
NO2
-
 Ox 0.530 -2.2608
NH4
+
 Ox + ATU 0.022 0.0000
NH4
+
 Ox + ATU 0.021 0.0000
NH4
+
 Ox + ATU n.d. 0.0000
GSO Dock Feb 2013 NH4
+
 Ox 0.130 -1.3752 20.5 7.95 32.4 7.92 0.481 0.086 1.347
NH4
+
 Ox 0.149 2.9232
NH4
+
 Ox 0.164 2.3760
NO2
-
 Ox 1.956 0.8899
NO2
-
 Ox 2.274 2.0736
NO2
-




Figure A.1.  Nitrous oxide production and consumption pathways 
Nitrous oxide (N2O) can be produced and consumed during various nitrogen cycling 
processes.  (1) N2O is produced during ammonium (NH4
+
) oxidation to nitrite (NO2
-
) via 
the intermediate hydroxylamine (NH2OH) (Hooper and Terry 1979).  (2) N2O is 
produced via nitrifier-denitrification, as NH4
+
 is first oxidized to NO2
-
, then reduced to 
nitric oxide (NO) and N2O (Wrage et al. 2001).  (3) N2O can also be produced during 
incomplete denitrification – the conversion of nitrate (NO3
-
) to dinitrogen (N2) gas – 
when the reduction of NO3
-
 halts at N2O (Burgin and Hamilton 2007).  (4) N2O can be 
consumed during denitrification, as the final step of this process reduces N2O to N2 
(Miller et al. 1986).  (5) N2O can also be consumed during the biological assimilation of 
N2O, forming particulate organic nitrogen (PON) which is facilitated by N-fixing 




Figure A.2.  Narragansett Bay, RI site map 
Water samples were collected off of the University of Rhode Island Graduate School of 
Oceanography dock (black square) in February 2013 and from the mid-Narragansett Bay 





Figure A.3.  Monthly water column oxidation and N2O production/consumption 
Monthly mean (nM d
-1 
± standard error) of water column nitrous oxide (N2O) production 
and consumption rates (dark grey), ammonium oxidation rates (NH4
+
 Ox., white), and 
nitrite oxidation rates (NO2
-
, light grey).  Lower-case letters represent significant 
differences among rates.   
Rates of N2O production in February are significantly different than the N2O 
consumption rates in August (p = 0.05), and marginally significantly different than July 
(p = 0.06).  N2O consumption rates are not significantly different between July and 
August (p = 0.99).   
NH4
+
 oxidation rates in February are significantly higher than July (p = 0.001) and 
August (p = 0.001) NH4
+
 oxidation rates, however NH4
+
 oxidation rates are not 
significantly different between July and August (p = 0.92).   
Rates of NO2
-
 oxidation were highest in February and lowest in August.  NO2
-
 oxidation 
rates were significantly different across all months (Feb:Jul p = 0.0002; Feb:Aug p < 
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Figure A.4.  Water column N2O rates vs. ammonium or nitrite oxidation  
Individual water column nitrous oxide (N2O) production or consumption rates as a 
function of (A) ammonium oxidation (NH4
+
 Ox., white) or (B) nitrite oxidation (NO2
-
 
Ox., grey) rates.  
(A)  NH4
+
 oxidation rates are not significantly related to N2O production and 
consumption rates.  
(B)  NO2
-
 oxidation rates are significantly, positively related to N2O production and 
consumption rates (R
2 
= 0.63, p = 0.01, n = 9, Equation: N2O = [1.66*ln(NO2
-
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Figure A.5.  Conceptual diagram: N2O production and consumption 
Environmental conditions and processes which influence N2O production and 





 Ox.), nitrate concentration [NO3
-
], aerobic denitrification, and N2O 
assimilation.  Upwards-pointing arrows indicate an increase in process or environmental 
parameter, while downwards-pointing arrows indicate a decrease.  Net N2O production is 


























*Potentially produced via nitrifier denitrification
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APPENDIX B: Directly measured sediment N2-N and O2-O fluxes  
 
The data presented here include all of the direct measurements of sediment net N2-N and 
O2-O fluxes from individual cores collected from eight field sites located in coastal and 
offshore Rhode Island, USA from 2009 to 2013.   
Several of these N2-N and O2-O fluxes have been presented in Chapter 1 of this work.  
These values include measurements from Block Island Sound (BIS), Rhode Island Sound 
1 (RIS1), Rhode Island Sound 2 (RIS2), Rhode Island Sound 3 (RIS3), Mid Shelf 1 







Table B.1.  Sediment net denitrification and sediment oxygen demand measurements  




) rates and sediment 




) measured on a membrane inlet mass spectrometer 
(MIMS).  All sampling month and stations are given, including Providence River Estuary 
(PRE), Mid Narragansett Bay (Mid-NBay), Block Island Sound (BIS), Rhode Island 
Sound 1 (RIS1), Rhode Island Sound 2 (RIS2), Rhode Island Sound 3 (RIS3), Mid Shelf 
1 (MS1), and the Mud Patch (MudP).  Individual values from each core are given, along 
with water column depth (m), incubation temperature (°C), salinity (ppt), and pH.   
  


















PRE May 2010 3 11.0 28.0 A ---- 5532
B 156.1 3929
C 37.7 8027
Jun 2010 3 18.0 22.6 A ---- 1978
B 19.7 3073
C 21.6 1157
Aug 2010 3 24.0 30.0 A 63.7 -831
B -23.0 1272
C 183.7 4249




Jan 2011 3 2.0 29.3 A 0.0 697
B 0.0 1387
C 63.2 1748
Jun 2011 3 16.0 28.5 A 0.0 2519
C 70.9 2663
D 168.7 2559





Table B.1 (continued) 
 
  






















Jun 2012 3 17.5 24.2 A 76.7 3143
B 4.5 4422
H 11.6 2627
Aug 2012 3 24.3 22.9 8.16 A -27.5 6093
B 147.2 2084
C 42.6 3124








Mid NBay May 2010 8 11.0 34.0 A 153.6 901
B 103.0 806
C 60.4 869
Jun 2010 8 18.0 30.3 A -35.3 1109
B -24.0 965
C -18.2 2090
Aug 2010 8 24.0 33.8 A -27.5 3155
B 0.0 2377
C 0.0 3552
Oct 2010 8 18.0 30.1 A 51.8 1446
B 42.3 1038
C 97.3 3297
Jan 2011 8 2.0 31.0 8.50 A 0.0 595
B 16.2 356
C 10.5 265





Table B.1 (continued) 
 
  
























































Table B.1 (continued) 
 
  


















BIS Jan 2010 34 5.8 35.0 A 64.8 1927
B 21.2 1382
C 23.6 1044
May 2010 34 8.0 34.0 A 49.7 12
B 119.7 1276
C 59.7 2470
Jul 2010 34 13.0 32.2 A 44.6 1866
B 63.3 903
C 33.8 537
Aug 2010 34 15.0 32.8 A 49.7 2496
B 22.2 1071
C 49.5 779
Oct 2010 34 14.0 30.6 A 10.7 1097
B 32.4 981
C 41.7 1197
Jan 2011 34 5.0 34.0 A 80.4 659
B 59.3 301
C 37.5 636






















Table B.1 (continued) 
 
  


















RIS1 Oct 2009 39 17.0 34.2 A 110.3 2320
B 35.3 1083
C 0.0 917
Jan 2010 39 5.8 35.0 A 78.4 2057
B 70.5 2408
C 27.8 1733
May 2010 39 8.0 35.0 A 72.0 2413
B 58.6 1298
C 59.2 1246
Aug 2010 39 15.0 34.0 A 18.2 993
B 9.6 564
C 39.7 889
RIS2 Oct 2009 38 17.0 34.2 A 45.9 2031
B 37.0 1075
C 71.1 1238
Jan 2010 A 38 5.8 35.0 A 0.0 363
B 38.0 793
C -73.0 367
May 2010 A 38 8.0 35.0 A 27.5 371
B 20.8 540
C 23.3 388
Jul 2010 A 38 13.0 32.4 A 64.4 1168
B 59.4 422
C 102.7 868
Aug 2010 A 38 15.0 34.0 A 35.1 736
B 8.9 443
C 15.0 513
Oct 2010 A 38 14.0 31.8 A 10.4 520
B 48.3 2142
C 61.2 928
Jan 2011 A 38 5.0 34.0 A --- ----
B --- ----
C --- ----





Table B.1 (continued) 
 


























Jul 2012 A 38 14.0 32.0 7.62 A 16.7 401
B 22.1 876
D 62.4 333
Aug 2012 1 38 15.8 32.2 7.96 1 28.7 1361
6 6.8 717
9 24.3 518
RIS3 Jul 2010 63 13.0 34.2 A 3.2 1269
B 101.4 2543
C 0.0 1431
MS1 Jul 2010 59 13.0 34.6 A 24.1 208
B 27.1 289
C 42.7 432


















APPENDIX C: Marine water column ammonium, nitrite, and total oxidation rates 
and associated in situ environmental conditions collected from published work 
 
The data and analysis presented here serve as supplemental information for Chapter 2 of 
this work.  All marine water column ammonium, nitrite, and total oxidation rates and 
concurrently measured in situ environmental conditions collected from previously-
published peer-reviewed literature are presented in Table C.1.  Best-fitting, univariate 
regressions for ammonium, nitrite, and total oxidation rates in Estuary (Figures C.1, C.3), 
Continental Shelf (Figures C.5, C.7, C. 9, C.11, C.13, C.15) and Open Ocean regions 
(Figures C.18, C.20, C.22, C.24, C.26, C.28) are illustrated.  Additionally, alternate 
univariate regressions are shown for oxidation rate types and regions where appropriate 
[Estuary (Figures C.2, C.4), Continental Shelf (Figures C.6, C.8, C.10, C.12, C.14, C.16) 
and Open Ocean (Figures C.19, C.21, C.23, C.25, C.27, C.29).  Relationships between 
water column ammonium and nitrite oxidation rates for all depths, 0-100 m and over 100 
m for Continental Shelf and Open Ocean regions are also included (Figures C.17 and 
C.30).  Finally, alternate stepwise multivariate regression models (that were not inclusive 







Table C.1.  Water column oxidation rates and in situ conditions from published work 
Marine water column ammonium oxidation rates (NH4
+
 Ox.), nitrite oxidation rates 
(NO2
-
 Ox.), and total oxidation rates (Total Ox.) (all in units of µM d
-1
) collected from 
peer-reviewed, previously-published studies.  In situ environmental condition data 
including sampling depth (Depth, m), incubation temperature (Temp., °C), salinity 
(Salinity, ppt), dissolved oxygen (DO, mg L
-1
), pH, ammonium concentration ([NH4
+
], 
µM), nitrite concentration ([NO2
-
], µM), nitrate concentration ([ NO3
-
], µM), and nitrite 
plus nitrate concentration ([NOx], µM) that were measured concurrently with oxidation 
rates and presented in published studies are also given.  Oxidation rate measurement 
method, including 
14











N Tra.), and chemical assays with specific inhibitors (Chem) is listed.   
Oxidation rates are first sorted by location type [Estuary, Continental Shelf (Cont. Shelf), 
or Open Ocean], and then alphabetically by author.  General study area for each oxidation 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table C.2. Estuary alternate multiple regression models 
Details of alternate (not best-fitting) multiple regression models as determined by 
stepwise regression for water column Estuary ammonium oxidation (NH4
+
 Ox), nitrite 
oxidation (NO2
-
 Ox), and total oxidation (Total Ox.) rates.  The best-fitting multiple 
regression models can be found in Table 2.3.   
The studies from which rates and environmental variables were gathered are listed 
(Studies), along with the environmental parameters included in each stepwise regression 
(Variables Included).  The slope term (Estimate) of each variable in model, along with 
the standardized parameter estimate (Std. Est.), which normalizes the slopes of each term 
for ease of comparison, are presented.  Non-significant values (p > 0.05) are shown in 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table C.3.  Continental Shelf alternate multiple regression models 
Details of alternate (not best-fitting) multiple regression models as determined by 





 Ox), and total oxidation (Total Ox.) rates.  The best-fitting 
multiple regression models can be found in Table 2.5.   
The studies from which rates and environmental variables were gathered are listed 
(Studies), along with the environmental parameters included in each stepwise regression 
(Variables Included).  The slope term (Estimate) of each variable in model, along with 
the standardized parameter estimate (Std. Est.), which normalizes the slopes of each term 
for ease of comparison, are presented.  Non-significant values (p > 0.05) are shown in 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table C.4. Open Ocean alternate multiple regression models 
Details of alternate (not best-fitting) multiple regression models as determined by 





 Ox), and total oxidation (Total Ox.) rates.  The best-fitting 
multiple regression models can be found in Table 2.7.   
The studies from which rates and environmental variables were gathered are listed 
(Studies), along with the environmental parameters included in each stepwise regression 
(Variables Included).  The slope term (Estimate) of each variable in model, along with 
the standardized parameter estimate (Std. Est.), which normalizes the slopes of each term 
for ease of comparison, are presented.  Non-significant values (p > 0.05) are shown in 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure C.1.  Estuary oxidation rates vs. in situ environmental parameters  
Univariate, best-fitting relationships between Estuary water column ammonium oxidation 
(NH4
+
 Ox., µM d
-1
, dark grey circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, dark grey 
squares), and total oxidation (Total Ox., µM d
-1
, dark grey triangles) rates and sampling 
depth (Depth, m), incubation temperature (Temp, °C), salinity (ppt), dissolved oxygen 
concentration (DO, mg L
-1
), and pH.  Since oxidation rates were not normally-distributed, 
ammonium, nitrite, and total oxidation rates have all been log-transformed 
[Log(oxidation rate +1)].   
Details of univariate regressions (n, p, R
2
, slope), can be found in Table 2.2.   
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 
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Figure C.2.  Alternate Estuary oxidation rates vs. in situ environmental parameters 
Estuary water column ammonium oxidation (NH4
+
 Ox., µM d
-1
, dark grey circles), nitrite 
oxidation (NO2
-
 Ox., µM d
-1
, dark grey squares), and total oxidation (Total Ox., µM d
-1
, 
dark grey triangles) rates plotted as a function of incubation temperature (Temp, °C), 
salinity (ppt), and pH.  Since oxidation rates were not normally-distributed, ammonium, 
nitrite, and total oxidation rates have all been log-transformed [Log(oxidation rate +1)].  
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 
solid black lines. 
 
(A)  Estuary ammonium oxidation rates do not exhibit a signification relationship with 
temperatures below 15°C (n = 48, R
2 
= 0.0011, p = 0.83), however, (E) Estuary nitrite 
oxidation rates exhibit a positive relationship with temperatures below 15°C (n = 38, R
2 
= 
0.15, p = 0.015, all values from Grundle & Juniper 2011).   









= 0.74, p < 0.0001) exhibit negative, exponential relationships 
with temperatures above 15°C. 









= 0.69, p < 0.0001) still exhibit significant, negative linear 
relationships with salinity when the highest oxidation rates from the Chesapeake Bay 
























































































































































Figure C.3.  Estuary oxidation rates vs. in situ dissolved inorganic nitrogen 
Univariate, best-fitting relationships between Estuary water column ammonium oxidation 
(NH4
+
 Ox., µM d
-1
, dark grey circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, dark grey 
squares), and total oxidation (Total Ox., µM d
-1
, dark grey triangles) rates and in situ 
ammonium ([NH4
+
], µM), nitrite ([NO2
-
], µM), and nitrate ([NO3
-
], µM) concentrations.  
Since oxidation rates were not normally-distributed, ammonium, nitrite, and total 
oxidation rates have all been log-transformed [Log(oxidation rate +1)].   
Details of univariate regressions (n, p, R
2
, slope), can be found in Table 2.2.   
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 








































































































































Figure C.4.  Alternate Estuary oxidation rates vs. in situ dissolved inorganic nitrogen 
Estuary water column ammonium oxidation (NH4
+
 Ox., µM d
-1
, dark grey circles), nitrite 
oxidation (NO2
-
 Ox., µM d
-1
, dark grey squares), and total oxidation (Total Ox., µM d
-1
, 
dark grey triangles) rates plotted as a function of in situ ammonium ([NH4
+
], µM), nitrite 
([NO2
-
], µM), and nitrate ([NO3
-
], µM) concentrations.  Since oxidation rates were not 
normally-distributed, ammonium, nitrite, and total oxidation rates have all been log-
transformed [Log(oxidation rate +1)].  Statistically significant (p ≤ 0.05) and predictive 
(R
2 ≥ 0.20) relationships are plotted as solid black lines. 
 









= 0.25, p < 0.0001) still exhibit positive, linear relationships 
with [NH4
+
] from 0-10 µM only.   
(B)  When considering the entire range of reported [NO2
-
] values, a significant 













= 0.50) is not present.  (D) However, the significant, 
positive relationship between nitrite oxidation rates and [NO2
-







= 0.0006); this relationship is still significant upon removal of 





= 0.32, p < 0.0001). 
(G) When evaluating [NO3
-
] concentrations from 0-250 µM only, total oxidation rates 































































































































































































Figure C.5.  Continental Shelf oxidation rates vs. in situ environmental parameters  
Univariate, best-fitting relationships between Continental Shelf water column ammonium 
oxidation (NH4
+
 Ox., µM d
-1
, light grey circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, light 
grey squares), and total oxidation (Total Ox., µM d
-1
, light grey triangles) rates from all 
depths and sampling depth (Depth, m), incubation temperature (Temp, °C), salinity (ppt), 
dissolved oxygen concentration (DO, mg L
-1
), and pH.  Since oxidation rates were not 
normally-distributed, ammonium, nitrite, and total oxidation rates have all been log-
transformed [Log(oxidation rate +1)].   
Details of univariate regressions (n, p, R
2
, slope), can be found in Table 2.4.   
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 














































































































































































































































































































Log (NH4+Ox. +1), µM d-1 Log (NO
2





Figure C. 6.  Alternate Continental Shelf oxidation rates vs. in situ environmental 
parameters 
Continental Shelf water column ammonium oxidation (NH4
+
 Ox., µM d
-1
, light grey 
circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, light grey squares), and total oxidation 
(Total Ox., µM d
-1
, light grey triangles) rates from all depths plotted as a function of 
incubation temperature (Temp, °C), salinity (ppt), and dissolved oxygen concentration 
(DO, mg L
-1
).  Since oxidation rates were not normally-distributed, ammonium, nitrite, 
and total oxidation rates have all been log-transformed [Log(oxidation rate +1)].  
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 
solid black lines. 
 





= 0.39, p < 0.0001).  However this relationship is driven by the large 
number of rates incubated at 15°C in Bianchi et al 1999.  When these rates are removed, 




= 0.09, p < 0.0001). 






= 0.28) and (I) total oxidation rates do 








(B)  When the salinities ranging from 10-37 from Feliatra & Bianchi 1999 are removed, 













= 0.097).  
  
292 
(C)  Ammonium oxidation rates do not exhibit a significant relationship with the entire 






= 0.13) or (D) 







(G)  Nitrite oxidation rates do not exhibit a significant relationship with normoxic 
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Figure C.7.  Continental Shelf oxidation rates vs. in situ dissolved inorganic nitrogen 
Univariate, best-fitting relationships between Continental Shelf water column ammonium 
oxidation (NH4
+
 Ox., µM d
-1
, light grey circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, light 
grey squares), and total oxidation (Total Ox., µM d
-1
, light grey triangles) rates from all 
depths and in situ ammonium ([NH4
+
], µM), nitrite ([NO2
-
], µM), and nitrate ([NO3
-
], 
µM) concentrations.  Since oxidation rates were not normally-distributed, ammonium, 
nitrite, and total oxidation rates have all been log-transformed [Log(oxidation rate +1)].   
Details of univariate regressions (n, p, R
2
, slope), can be found in Table 2.4.   
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 



























































































































































































































Figure C.8.  Alternate Continental Shelf oxidation rates vs. in situ dissolved inorganic 
nitrogen 
Continental Shelf water column ammonium oxidation (NH4
+
 Ox., µM d
-1
, light grey 
circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, light grey squares), and total oxidation 
(Total Ox., µM d
-1
, light grey triangles) rates from all depths plotted as a function of in 
situ ammonium ([NH4
+
], µM), nitrite ([NO2
-
], µM), and nitrate ([NO3
-
], µM) 
concentrations.  Since oxidation rates were not normally-distributed, ammonium, nitrite, 
and total oxidation rates have all been log-transformed [Log(oxidation rate +1)].   
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 
solid black lines. 
 









= 0.40, p < 0.0001) both still exhibit a significant, predictive 
relationship with low NH4
+
concentrations 0-1 µM. 













= 0.0042) do not exhibit significant relationships with the 
entire range of reported NO2
-
concentrations 0-12 µM. 













= 0.32) do not exhibit significant relationships with a low 
range of NO3
-
concentrations 0-10 µM. 
Upon removal of high oxidation rates reported by Veuger et al 2013 in the coastal North 




















































































































































































































































Figure C.9.  Continental Shelf oxidation rates (0-100 m) vs. in situ environmental 
parameters  
Univariate, best-fitting relationships between Continental Shelf water column ammonium 
oxidation (NH4
+
 Ox., µM d
-1
, light grey circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, light 
grey squares), and total oxidation (Total Ox., µM d
-1
, light grey triangles) rates from 0-
100 m depths and sampling depth (Depth, m), incubation temperature (Temp, °C), 
salinity (ppt), dissolved oxygen concentration (DO, mg L
-1
), and pH.  Since oxidation 
rates were not normally-distributed, ammonium, nitrite, and total oxidation rates have all 
been log-transformed [Log(oxidation rate +1)].   
Details of univariate regressions (n, p, R
2
, slope), can be found in Table 2.4.   
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 
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Figure C. 10.  Alternate Continental Shelf oxidation rates (0-100 m) vs. in situ 
environmental parameters 
Continental Shelf water column ammonium oxidation (NH4
+
 Ox., µM d
-1
, light grey 
circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, light grey squares), and total oxidation 
(Total Ox., µM d
-1
, light grey triangles) rates from 0-100 m depths plotted as a function 
of sampling depth, salinity (ppt), and dissolved oxygen concentration (DO, mg L
-1
).  
Since oxidation rates were not normally-distributed, ammonium, nitrite, and total 
oxidation rates have all been log-transformed [Log(oxidation rate +1)].  Statistically 
significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as solid black 
lines. 
 (A)  Ammonium oxidation rates are positively, exponentially related to salinity when the 





0.33, p < 0.0001), however this relationship is significant based on low oxidation rates 
measured at salinities 29-32 measured by Heiss & Fulweiler (in review).   
(D) Nitrite oxidation rates are not significant related to salinity when Feliatra & Bianchi 






= 0.097).  
(B)  Ammonium oxidation rates do not exhibit a significant, predictive relationship with 














(E)  Nitrite oxidation rates do not exhibit a significant relationship with normoxic 
















(G) Upon removal of high oxidation rates reported by Veuger et al 2013 at 0.5 m depth in 
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Figure C.11.  Continental Shelf oxidation rates (0-100 m) vs. in situ dissolved inorganic 
nitrogen 
Univariate, best-fitting relationships between Continental Shelf water column ammonium 
oxidation (NH4
+
 Ox., µM d
-1
, light grey circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, light 
grey squares), and total oxidation (Total Ox., µM d
-1
, light grey triangles) rates from 0-
100 m depths and in situ ammonium ([NH4
+
], µM), nitrite ([NO2
-
], µM), and nitrate 
([NO3
-
], µM) concentrations.  Since oxidation rates were not normally-distributed, 
ammonium, nitrite, and total oxidation rates have all been log-transformed 
[Log(oxidation rate +1)].   
Details of univariate regressions (n, p, R
2
, slope), can be found in Table 2.4.   
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 






























































































































































































































Figure C.12.  Alternate Continental Shelf oxidation rates (0-100 m) vs. in situ dissolved 
inorganic nitrogen 
Continental Shelf water column ammonium oxidation (NH4
+
 Ox., µM d
-1
, light grey 
circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, light grey squares), and total oxidation 
(Total Ox., µM d
-1
, light grey triangles) rates from 0-100 m depths plotted as a function 
of in situ ammonium ([NH4
+
], µM), nitrite ([NO2
-
], µM), and nitrate ([NO3
-
], µM) 
concentrations.  Since oxidation rates were not normally-distributed, ammonium, nitrite, 
and total oxidation rates have all been log-transformed [Log(oxidation rate +1)].   
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 
solid black lines. 
 









= 0.34, p < 0.0001) both still exhibit a significant, predictive 
relationship with low NH4
+
concentrations 0-1 µM. 











= 0.0004) do not exhibit significant relationships 
with the entire range of reported NO2
-
concentrations 0-11 µM. 













= 0.031) do not exhibit significant, predictive relationships 
with a low range of NO3
-
concentrations 0-10 µM. 
Upon removal of high oxidation rates reported by Veuger et al 2013 in the coastal North 
























































































































































































































































Figure C.13.  Continental Shelf oxidation rates (>100 m) vs. in situ environmental 
parameters  
Univariate, best-fitting relationships between Continental Shelf water column ammonium 
oxidation (NH4
+
 Ox., µM d
-1
, light grey circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, light 
grey squares), and total oxidation (Total Ox., µM d
-1
, light grey triangles) rates from over 
100 m depths and sampling depth (Depth, m), incubation temperature (Temp, °C), 
salinity (ppt), dissolved oxygen concentration (DO, mg L
-1
), and pH.  Since oxidation 
rates were not normally-distributed, ammonium, nitrite, and total oxidation rates have all 
been log-transformed [Log(oxidation rate +1)].   
Details of univariate regressions (n, p, R
2
, slope), can be found in Table 2.4.   
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 
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Figure C. 14.  Alternate Continental Shelf oxidation rates (>100 m) vs. in situ 
environmental parameters 
Continental Shelf water column ammonium oxidation (NH4
+
 Ox., µM d
-1
, light grey 
circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, light grey squares), and total oxidation 
(Total Ox., µM d
-1
, light grey triangles) rates from over 100 m depths plotted as a 
function of sampling depth (Depth, m) and  dissolved oxygen concentration (DO, mg     
L
-1
).  Since oxidation rates were not normally-distributed, ammonium, nitrite, and total 
oxidation rates have all been log-transformed [Log(oxidation rate +1)].  Statistically 
significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as solid black 
lines. 
(A)  Continental Shelf water column ammonium oxidation rates do not exhibit a 






= 0.23), nor 






= 0.22).  (D) Nitrite oxidation rates do 








(B)  Ammonium oxidation rates over 100 m do not exhibit significant relationships with 











= 0.68) concentrations only.   
(E)  Nitrite oxidation rates over 100 m do not exhibit significant, predictive relationships 






= 0.89) or (F) normoxic 
















































































































































































Figure C.15.  Continental Shelf oxidation rates (>100 m) vs. in situ dissolved inorganic 
nitrogen 
Univariate, best-fitting relationships between Continental Shelf water column ammonium 
oxidation (NH4
+
 Ox., µM d
-1
, light grey circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, light 
grey squares), and total oxidation (Total Ox., µM d
-1
, light grey triangles) rates from over 
100 m depths and in situ ammonium ([NH4
+
], µM), nitrite ([NO2
-
], µM), and nitrate 
([NO3
-
], µM) concentrations.  Since oxidation rates were not normally-distributed, 
ammonium, nitrite, and total oxidation rates have all been log-transformed 
[Log(oxidation rate +1)].   
Details of univariate regressions (n, p, R
2
, slope), can be found in Table 2.4.   
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 




















































































































































































































Figure C.16.  Alternate Continental Shelf oxidation rates (>100m) vs. in situ dissolved 
inorganic nitrogen 
Continental Shelf water column ammonium oxidation (NH4
+
 Ox., µM d
-1
, light grey 
circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, light grey squares), and total oxidation 
(Total Ox., µM d
-1
, light grey triangles) rates from over 100 m depths plotted as a 
function of in situ ammonium ([NH4
+
], µM) and nitrite ([NO2
-
], µM) concentrations.  
Since oxidation rates were not normally-distributed, ammonium, nitrite, and total 
oxidation rates have all been log-transformed [Log(oxidation rate +1)].   
 
(A) Ammonium oxidation rates over 100 m do not exhibit a significant, predictive 








= 0.005) or 






= 0.014), and (C) do not 










(D) Nitrite oxidation rates do not exhibit a significant, predictive relationship with low 
NH4
+
















(F) Total oxidation rates do not exhibit a significant, predictive relationship with low 
NH4
+






= 0.015) or (G) with low NO2
-




























































































































































































Figure C.17.  Continental Shelf ammonium vs. nitrite oxidation rates 
Log-transformed water column nitrite oxidation rates [Log(NO2
-
 Ox +1), units µM d
-1
] 
plotted as a function of water column log-transformed ammonium oxidation rates 
[Log(NH4
+
 Ox +1), units µM d
-1
] for Continental Shelf locations.  Significant linear 
regressions are shown as solid black lines.  Ammonium oxidation: nitrite oxidation 1:1 
lines are shown as green dashed lines.   
 
A)  Ammonium oxidation rates (NH4
+
 Ox.) are significantly, positively related to nitrite 
oxidation rates (NO2
-
 Ox.) for the entire water column [n = 295, R2 = 0.84, p < 0.0001; 
Log(NO2
- 
Ox. +1) = 0.022 + 0.69*Log(NH4
+
 Ox. +1)]. 
B)  Ammonium oxidation rates (NH4
+
 Ox.) are significantly, positively related to nitrite 
oxidation rates (NO2
-
 Ox.) for 0-100 m depths only [n = 235, R2 = 0.82, p < 0.0001; 
Log(NO2
- 
Ox. +1) = 0.022 + 0.69*Log(NH4
+
 Ox. +1)].   
C)  Ammonium oxidation rates (NH4
+
 Ox.) are significantly related to nitrite oxidation 
rates (NO2
-
 Ox.) for over 100 m depths only, however this relationship is not predictive 
[n = 49, R2 = 0.08, p = 0.04; Log(NO2
- 
Ox. +1) = 0.017 + 0.48*Log(NH4
+



















































































+ Ox. +1) (µM d-1)
All Depths 0-100 m Only >100 m Only
  
319 
Figure C.18.  Open Ocean oxidation rates vs. in situ environmental parameters 
Univariate, best-fitting relationships between Open Ocean water column ammonium 
oxidation (NH4
+
 Ox., µM d
-1
, white circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, white 
squares), and total oxidation (Total Ox., µM d
-1
, white triangles) rates from all depths and 
sampling depth (Depth, m), incubation temperature (Temp, °C), salinity (ppt), dissolved 
oxygen concentration (DO, mg L
-1
), and pH.  Since oxidation rates were not normally-
distributed, ammonium, nitrite, and total oxidation rates have all been log-transformed 
[Log(oxidation rate +1)].   
Details of univariate regressions (n, p, R
2
, slope), can be found in Table 2.6.   
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 
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Figure C.19.  Alternate Open Ocean oxidation rates vs. in situ environmental parameters  
Open Ocean water column ammonium oxidation (NH4
+
 Ox., µM d
-1
, white circles), 
nitrite oxidation (NO2
-
 Ox., µM d
-1
, white squares), and total oxidation (Total Ox., µM d
-
1
white  triangles) rates plotted as a function of depth, salinity (ppt), and dissolved oxygen 
(DO, mg L
-1
).  Since oxidation rates were not normally-distributed, ammonium, nitrite, 
and total oxidation rates have all been log-transformed [Log(oxidation rate +1)].   
 
(A)  Open Ocean water column ammonium oxidation rates plotted as a function of depth 
for the entire water column.  Depths up to 500 m are presented in the best-fit regression 
figure. 
(B)  Ammonium oxidation rates still do not exhibit a significant relationship with salinity 


































= 0.68) do not exhibit significant relationships with hypoxic 
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Figure C.20.  Open Ocean oxidation rates vs. in situ dissolved inorganic nitrogen 
Univariate, best-fitting relationships between Open Ocean water column ammonium 
oxidation (NH4
+
 Ox., µM d
-1
, white circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, white 
squares), and total oxidation (Total Ox., µM d
-1
, white triangles) rates from all depths and 
in situ ammonium ([NH4
+
], µM), nitrite ([NO2
-
], µM), and nitrate ([NO3
-
], µM) 
concentrations.  Since oxidation rates were not normally-distributed, ammonium, nitrite, 
and total oxidation rates have all been log-transformed [Log(oxidation rate +1)].   
Details of univariate regressions (n, p, R
2
, slope), can be found in Table 2.6.   
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 























































































































































































































Figure C.21. Alternate Open Ocean oxidation rates vs. in situ dissolved inorganic 
nitrogen 
Open Ocean water column ammonium oxidation (NH4
+
 Ox., µM d
-1
, white circles), 
nitrite oxidation (NO2
-
 Ox., µM d
-1
, white squares), and total oxidation (Total Ox., µM d
-
1
, white triangles) rates from all depths plotted as a function of in situ ammonium 
([NH4
+
], µM), nitrite ([NO2
-
], µM), and nitrate ([NO3
-
], µM) concentrations.  Since 
oxidation rates were not normally-distributed, ammonium, nitrite, and total oxidation 
rates have all been log-transformed [Log(oxidation rate +1)].   
 




















= 0.068) do not exhibit significant predictive relationships with [NH4
+
] from 0-
0.06 µM only (median [NH4
+
] 0.05 µM).   
(B)  When considering the entire range of reported [NO2
-
] values, a significant 






= 0.11) is not present.   













= 0.056) do not exhibit significant predictive relationships with 
[NO2
-
] from 0-0.15 µM only (median [NO2
-
] 0.12 µM).   
 (C) When evaluating the entire range of reported [NO3
-
] concentrations, ammonium 







= 0.018).  (F) Nitrite oxidation rates do not exhibit a 
significant relationship with [NO3
-









0.15).  (F) Total oxidation rates do not exhibit a significant relationship with [NO3
-
] 


























































































































































































































Figure C.22.  Open Ocean oxidation rates (0-100 m) vs. in situ environmental parameters 
Univariate, best-fitting relationships between Open Ocean water column ammonium 
oxidation (NH4
+
 Ox., µM d
-1
, white circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, white 
squares), and total oxidation (Total Ox., µM d
-1
, white triangles) rates from 0-100 m 
depths only and sampling depth (Depth, m), incubation temperature (Temp, °C), salinity 
(ppt), dissolved oxygen concentration (DO, mg L
-1
), and pH.  Since oxidation rates were 
not normally-distributed, ammonium, nitrite, and total oxidation rates have all been log-
transformed [Log(oxidation rate +1)].   
Details of univariate regressions (n, p, R
2
, slope), can be found in Table 2.6.   
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 
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Figure C.23.  Alternate Open Ocean oxidation rates (0-100 m) vs. in situ environmental 
parameters 
Open Ocean water column ammonium oxidation (NH4
+
 Ox., µM d
-1
, white circles) and 
nitrite oxidation (NO2
-
 Ox., µM d
-1
, white squares) rates from 0-100 m depth plotted as a 
function of salinity (ppt) and dissolved oxygen (DO, mg L
-1
).  Since oxidation rates were 
not normally-distributed, ammonium, nitrite, and total oxidation rates have all been log-
transformed [Log(oxidation rate +1)].   
 
 (A)  Open Ocean ammonium oxidation rates still do not exhibit a significant relationship 














= 0.64), and (D) the significant relationship with 






= 0.03).  
(C) Ammonium oxidation rates do not exhibit a significant relationship with hypoxic 
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Figure C.24.  Open Ocean oxidation rates (0-100 m) vs. in situ dissolved inorganic 
nitrogen 
Univariate, best-fitting relationships between Open Ocean water column ammonium 
oxidation (NH4
+
 Ox., µM d
-1
, white circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, white 
squares), and total oxidation (Total Ox., µM d
-1
, white triangles) rates from 0-100 m 
depths and in situ ammonium ([NH4
+
], µM), nitrite ([NO2
-
], µM), and nitrate ([NO3
-
], 
µM) concentrations.  Since oxidation rates were not normally-distributed, ammonium, 
nitrite, and total oxidation rates have all been log-transformed [Log(oxidation rate +1)].   
Details of univariate regressions (n, p, R
2
, slope), can be found in Table 2.6.   
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 




























































































































































































































Figure C.25. Alternate Open Ocean oxidation rates (0-100 m) vs. in situ dissolved 
inorganic nitrogen 
Open Ocean water column ammonium oxidation (NH4
+
 Ox., µM d
-1
, white circles), 
nitrite oxidation (NO2
-
 Ox., µM d
-1
, white squares), and total oxidation (Total Ox., µM   
d
-1
, white triangles) rates from 0-100 m depths plotted as a function of in situ ammonium 
([NH4
+
], µM), nitrite ([NO2
-
], µM), and nitrate ([NO3
-
], µM) concentrations.  Since 
oxidation rates were not normally-distributed, ammonium, nitrite, and total oxidation 
rates have all been log-transformed [Log(oxidation rate +1)].  Statistically significant 
(p≤0.05) and predictive (R2≥0.20) relationships are plotted as solid black lines. 
 
(A)  Open Ocean ammonium oxidation rates still exhibit a significant, predictive 
relationship with [NH4
+





0.23, p < 0.0001). 













= 0.90) do not exhibit significant relationships with [NH4
+
] from 0-0.1 µM 
only (median [NH4
+
] 0.08 µM).   
(B)  When considering the entire range of reported [NO2
-
] values, significant 






= 0.61) and (E) 






= 0.24) are not present.   
(G) Total oxidation rates do not exhibit a significant relationships with [NO2
-
] from 0-






= 0.067) (median [NO2
-
] 0.12 µM).   
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(H) Total oxidation rates do not exhibit a significant relationships with [NO3
-
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Figure C.26.  Open Ocean oxidation rates (>100 m) vs. in situ environmental parameters 
Univariate, best-fitting relationships between Open Ocean water column ammonium 
oxidation (NH4
+
 Ox., µM d
-1
, white circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, white 
squares), and total oxidation (Total Ox., µM d
-1
, white triangles) rates from over 100 m  
depths only and sampling depth (Depth, m), incubation temperature (Temp, °C), salinity 
(ppt), dissolved oxygen concentration (DO, mg L
-1
), and pH.  Since oxidation rates were 
not normally-distributed, ammonium, nitrite, and total oxidation rates have all been log-
transformed [Log(oxidation rate +1)].   
Details of univariate regressions (n, p, R
2
, slope), can be found in Table 2.6.   
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 
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Figure C.27. Alternate Open Ocean oxidation rates (>100 m) vs. in situ environmental 
parameters 
Univariate, best-fitting relationships between Open Ocean water column ammonium 
oxidation (NH4
+
 Ox., µM d
-1
, white circles) and total oxidation (Total Ox., µM d
-1
, white 
triangles) rates from over 100 m depths only and dissolved oxygen concentration (DO, 
mg L
-1
).  Since oxidation rates were not normally-distributed, ammonium, nitrite, and 
total oxidation rates have all been log-transformed [Log(oxidation rate +1)].   
 
(A)  Open Ocean ammonium oxidation rates from over 100 m depth do not exhibit a 














= 0.95).   
(C)  Total oxidation rates from over 100 m depth do not exhibit a significant relationship 






= 0.25) or (D) with 





























































































































Figure C.28.  Open Ocean oxidation rates (>100 m) vs. in situ dissolved inorganic 
nitrogen 





, white circles), nitrite oxidation (NO2
-
 Ox., µM d
-1
, white squares), and total 
oxidation (Total Ox., µM d
-1
, white triangles) rates from over 100 m depths and in situ 
ammonium ([NH4
+
], µM), nitrite ([NO2
-
], µM), and nitrate ([NO3
-
], µM) concentrations.  
Since oxidation rates were not normally-distributed, ammonium, nitrite, and total 
oxidation rates have all been log-transformed [Log(oxidation rate +1)].   
Details of univariate regressions (n, p, R
2
, slope), can be found in Table 2.6.   
Statistically significant (p ≤ 0.05) and predictive (R2 ≥ 0.20) relationships are plotted as 












































































































































































































Figure C.29.  Alternate Open Ocean oxidation rates (>100 m) vs. in situ dissolved 
inorganic nitrogen 










], µM), and nitrate ([NO3
-
], µM) concentrations.  Since oxidation rates were 
not normally-distributed, ammonium oxidation rates have all been log-transformed 
[Log(oxidation rate +1)].   
 
(A)  Open Ocean ammonium oxidation rates from over 100 m depth do not exhibit a 
significant relationship with [NH4
+






= 0.97) or (B) 
[NO2
-






= 0.76).     
(C)  Rates of ammonium oxidation below 0.005 µM d
-1




































































































Figure C.30.  Open Ocean ammonium vs. nitrite oxidation rates 
Log-transformed water column nitrite oxidation rates [Log(NO2
-
 Ox +1), units µM d
-1
] 
plotted as a function of water column log-transformed ammonium oxidation rates 
[Log(NH4
+
 Ox +1), units µM d
-1
] for Open Ocean locations.  Significant linear 
regressions are shown as solid black lines.  Ammonium oxidation: nitrite oxidation 1:1 
lines are shown as green dashed lines.   
 
A)  Ammonium oxidation rates (NH4
+
 Ox.) are significantly, positively related to nitrite 
oxidation rates (NO2
-
 Ox.) for the entire water column [n = 128, R2 = 0.35, p < 0.0001; 
Log(NO2
- 
Ox. +1) = 0.0038 + 0.76*Log(NH4
+
 Ox. +1)]. 
B)  Ammonium oxidation rates (NH4
+
 Ox.) are significantly, positively related to nitrite 
oxidation rates (NO2
-
 Ox.) for 0-100 m depths only [n = 57, R2 = 0.25, p < 0.0001; 
Log(NO2
- 
Ox. +1) = 0.0037 + 0.71*Log(NH4
+
 Ox. +1)].   
C)  Ammonium oxidation rates (NH4
+
 Ox.) are significantly positively related to nitrite 
oxidation rates (NO2
-
 Ox.) for over 100 m depths only [n = 68, R2 = 0.47, p < 0.0001; 
Log(NO2
- 
Ox. +1) = 0.0041 + 0.87*Log(NH4
+
 Ox. +1)].  However, this relationship is 
driven by one high oxidation rate (shown in red, Dore & Karl 1996, Station ALOHA), 
and becomes insignificant when this rate is removed [n = 67, R2 = 0.007, p = 0.50; 
Log(NO2
- 
Ox. +1) = 0.0045 + 0.24*Log(NH4
+
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APPENDIX D:  Nearshore and Offshore monthly average benthic fluxes and the 
influence of tracer addition on oxidation rates 
 
These data are supplemental information corresponding to Chapter 3 of this work.  In this 
appendix, measurements of sediment metabolism which were compared to water column 
ammonium oxidation (NH4
+
 Ox.) and nitrite oxidation (NO2
-
 Ox.) rates in Nearshore and 
Offshore regions are presented.  All other raw data for Chapter 3 of this work has been 
presented in Table 3.1.   
Additionally, the potential influence of tracer addition on water column ammonium and 
nitrite oxidation rates is illustrated in Figure D.1.  For both ammonium and nitrite 






Table D.1. Nearshore and Offshore benthic fluxes 
Monthly average benthic metabolism measurements for Sites 1, 2, and 3 in the Nearshore 
and Offshore regions.  Values presented include sediment net denitrification rate (N2-N), 







), and nitrite plus nitrate (NOx).  All values are in 














Nearshore 1 Jul 2013 43.20 1499.94 102.60 2.81 -6.60 -3.78
Aug 2013 15.18 1732.25 97.29 1.33 -14.07 -12.73
Jun 2012 21.30 1511.00 5.61 1.08 1.79 2.87
Aug 2012 16.10 936.00 82.73 1.11 1.48 2.59
Offshore 2 Jul 2012 33.70 537.00 11.92 -0.29 7.80 7.50
Aug 2012 19.90 785.00 42.47 -2.72 -15.31 -18.04
3 Jul 2012 20.50 628.00 2.92 0.48 11.44 11.91
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Figure D.1.  Influence of tracer addition on oxidation rates 
Ammonium oxidation rates (NH4
+
 Ox, nM d
-1





, grey) plotted as a function of in situ substrate pool percent enrichment for 
Nearshore (circles) and Offshore (squares) regions.   
(A)  Nearshore ammonium oxidation rates do not exhibit a significant relationship with in 
situ substrate pool percent enrichment (p = 0.077, R
2
 = 0.17, n = 19), nor do (C) nitrite 
oxidation rates (p = 0.62, R
2
 = 0.018, n = 16). 
(B)  Offshore ammonium oxidation rates exhibit a significant negative relationship with 
in situ substrate pool percent enrichment (p = 0.046, R
2
 = 0.41, n = 10), as do (D) nitrite 
oxidation rates (p = 0.0016, R
2
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